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ABSTRACT 


Title  of  Dissertation:  A  Comparative  Study  of  the  Metabolism  of 

6-Methylbenzo[ a] pyrene  and  Benzo[ a] pyrene 
by  Rat  Liver  Microsomes 

Karen  Lee  Hamernik,  Doctor  of  Philosophy,  1984 

Dissertation  directed  by:  Shen  K.  Yang,  Ph.D.,  Professor,  Department 

of  Pharmacology 

In  several  types  of  carcinogenicity  studies,  6-methylbenzo[a]- 
pyrene  (6-MBaP)  was  found  to  be  moderately  active  as  a  tumorigen, 
although  with  potency  less  than  that  of  benzo[ a] pyrene  (BaP).  BaP  is 
metabolically  converted  to  an  ultimate  carcinogen,  the  BaP  (H-)-trans- 
7,8-diol  9,10-epoxide,  by  an  activation  pathway  that  proceeds  via  a  (-)- 
trans-7 ,8-diol  metabolite  intermediate.  It  has  not  been  established 
if  6-MBaP  is  activated  by  a  similar  pathway,  and  alternative  mechanisms 
for  the  bioactivation  of  6-MBaP  have  been  proposed  which  involve 
reactive  species  other  than  a  diol  epoxide.  The  major  goal  of  this 
study  was  to  determine  the  effect  of  methyl  substitution  at  position 
six  on  the  _in  vitro  metabolism  of  6-MBaP  relative  to  that  of  BaP  in 
order  to  better  understand  the  molecular  basis  for  differences  in  the 
biological  activities  of  the  two  compounds. 

The  metabolites  of  6-MBaP  formed  from  the  metabolism  of  this 
compound  by  liver  microsomes  prepared  from  male  Sprague-Dawley  rats  pre¬ 
treated  with  either  of  two  agents  that  induce  particular  forms  of  cyto¬ 
chrome  P-450,  3-methylcholanthrene  and  phenobarbital ,  or  from  liver 
enzymes  from  animals  who  received  no  pretreatment,  have  been  isolated 
by  reversed-phase  and  normal-phase  high  performance  liquid  chromatography 
and  have  been  identified  by  ultraviolet-visible  absorption  spectroscopy 
and  mass  spectroscopy.  The  amount  of  each  6-MBaP  metabolite  formed 
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depended  on  the  microsomal  preparation  used. 

Like  BaP,  6-MBaP  is  metabolized  to  4,5-,  7,8-,  and  9,10- 
dihydrodiols  (diols)  and  several  monohydroxylated  metabolites  of  the 
parent  hydrocarbon  including  two  not  found  to  have  BaP  metabolite 
counterparts.  Unlike  BaP,  6-MBaP  is  not  metabolized  to  quinones; 
however,  metabolism  at  the  six-methyl  group  results  in  the  formation 
of  6-hydroxymethylbenzo[ a] pyrene  (6-OHMBaP)  which  can  be  further 
metabolized  to  both  the  1-  and  3-phenols  of  6-OHMBaP. 

Quantitative  comparisons  of  the  microsomal  metabolism  of  [^H]- 
6-MBaP  and  [^C]BaP  revealed  decreases  of  72  to  96%  in  the  rates  of 
formation  of  the  6-MBaP  4,5-,  7,8-,  and  9,10-diols  compared  with  those 
of  the  BaP  diols  and  decreases  of  66  to  91%  in  the  overall  rates  of 
formation  of  6-MBaP  metabolites  relative  to  those  of  BaP  metabolites, 
depending  on  the  type  of  microsomes  used. 

Nuclear  magnetic  resonance  and  circular  dichroism  spectrophoto- 
metric  characterization  of  the  6-MBaP  diol  metabolites  formed  from  the 
microsomal  metabolism  of  6-MBaP  showed  that  like  BaP,  6-MBaP  is  stereo- 
selectively  metabolized  to  trans-4,5-,  7,8-,  and  9,10-diols  in  which 
the  [R,R]  enantiomer  predominates.  While  the  BaP  4,5-  and  7,8-diols 
preferentially  adopt  the  quasi-diequatorial  conformation,  steric  hin¬ 
drance  by  the  six-methyl  group  of  6-MBaP  forces  the  hydroxyls  of  the 
corresponding  6-MBaP  diols  to  preferentially  adopt  quasi-diaxial  confor¬ 
mations.  The  hydroxyls  of  both  the  6-MBaP  and  BaP  9,10-diols  favor  the 
quasi-diaxial  conformation  because  they  lie  in  bay  regions. 

Based  on  the  results  of  this  study,  numerous  steps  in  the 
metabolic  pathways  involved  in  the  in  vitro  microsomal  metabolism  of 
6-MBaP  have  been  established.  The  relatively  lower  rates  of  formation 
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of  the  6-MBaP  7,8-diol  may  account,  in  part,  for  the  decreased  carcin¬ 
ogenic  activity  of  6-MBaP  compared  to  that  of  BaP  since  relatively 
less  6-MBaP  7,8-diol  would  be  available  for  further  metabolism  to  diol 
epoxides.  However,  the  relative  biological  activities  of  6-MBaP  and 
BaP  may  also  depend  on  other  factors  such  as  the  different  conforma¬ 
tional  preferences  of  their  respective  trans-7 ,8-diol  metabolites. 
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BACKGROUND 


Introduction 

Over  five  decades  of  investigation  have  been  devoted  to  the  study 
of  polycyclic  aromatic  hydrocarbons  (PAH),  While  these  compounds  can 
form  as  a  result  of  natural  phenomena  (1),  large  quantities  resulting 
from  industrial  processes,  automobile  emissions,  open  burning,  and  power 
generation  are  released  as  particulate  matter  into  the  environment  (2). 
In  addition,  PAH  are  present  in  cigarette  smoke  and  charcoal  broiled 
meats  (3,4).  Questions  concerning  the  effects  of  this  chemical  burden 
on  human  health,  and  plant  and  animal  life  have  prompted  extensive  re¬ 
search  efforts  on  the  part  of  both  the  scientific  and  medical  communi¬ 
ties.  Since  the  onset  of  such  studies,  PAH  have  been  shown  time  and 
again  to  be  carcinogens  and  mutagens  in  mammalian  systems  and  there  is 
evidence  to  indicate  that  these  compounds  may  play  an  important  role  in 
the  etiology  of  human  cancer  (5-8).  Human  exposure  to  PAH  is  possible 
through  various  routes  which  include  inhalation,  ingestion  of  food  and 
water,  and  absorption  through  the  skin  (9). 

Metabolism  of  PAH 

In  order  for  PAH  and  other  fat  soluble  xenobiotics  (drugs,  pesti¬ 
cides,  etc.)  to  be  eliminated  from  the  body,  they  must  first  be  con¬ 
verted  to  more  water  soluble  derivatives.  Most  of  this  biotransforma¬ 
tion  occurs  in  the  liver  but  significant  extrahepatic  metabolism,  par¬ 
ticularly  in  the  tissues  of  the  lung,  skin,  intestine,  and  kidney  is 
known  to  occur  (9,10). 

The  principal  enzyme  systems  involved  in  xenobiotic  biotransfor¬ 
mation  function  physiologically  to  metabolize  endogenous  substrates  such 
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as  hormones,  fatty  acids,  and  cholesterol  and  are  located  in  the  cel¬ 
lular  endoplasmic  reticulum  (10). 

In  vitro  metabolism  studies  are  often  carried  out  using  prepar¬ 
ations  of  the  liver  endoplasmic  reticulum  referred  to  as  microsomal 
enzyme  systems  (microsomes)  (11,12).  Three  protein  components  of 
these  enzyme  systems  important  in  the  metabolism  of  PAH  are  the  heme- 
containing  cytochrome  P-450  monoxygenases  (mixed  function  oxidases), 
NADPH-cytochrome  P-450  reductase,  and  epoxide  hydrolase  (EH).  The  net 
result  of  cytochrome  P-450  and  the  reductase  working  in  concert  is  the 
insertion  of  one  atom  of  atmospheric  oxygen  into  the  PAH  substrate. 

NADPH  is  a  necessary  mediator  in  the  reaction  sequence  in  that  it 
provides  at  least  one  of  the  two  electrons  essential  to  the  oxidative 
process.  This  electron  is  transferred  in  turn  to  the  cytochrome  via 
the  reductase.  The  origin  of  the  second  electron  and  the  mechanism  by 
which  it  is  transferred  into  the  cytochrome-oxygen-substrate  complex 
is  still  uncertain  (11,13,14).  EH  is  located  in  the  endoplasmic  retic¬ 
ulum  of  many  tissues,  including  the  liver,  in  close  association  with 
the  cytochrome  P-450 fs  (21).  This  enzyme  catalyzes  the  addition  of 
water  to  arene  oxides  to  form  dihydrodiols  (21). 

Microsomal  Metabolism  of  Benzo [a] pyrene 

When  a  PAH  such  as  the  widely  studied  compound  benzo [a] pyrene 
(BaP)  is  metabolized  in  vitro  by  rat  liver  microsomes,  a  number  of  un¬ 
conjugated  primary,  secondary,  and  tertiary  metabolites  are  formed  and 
many  have  been  isolated  by  high  performance  liquid  chromatography  (HPLC) 
(for  review  see  15). 

The  initial  step  in  the  metabolism  of  BaP  is  an  epoxidation  reac¬ 
tion  catalyzed  by  the  mixed  function  oxidases  (MFO)  which  yields  any  one 


of  five  possible  arene  oxides  (1,2-,  2,3-,  4,5-,  7,8-,  and  9,10-oxides) 
(8,16-18).  These  oxygenated  derivatives  can  either  rearrange  to  form 
phenols  (19)  via  an  NIH  shift  mechanism  (20)  or  instead  can  be  hydrated 
by  EH  to  form  dihydrodiols  (diols)  (21).  Three  diols  (  (-)-trans-4 ,5- , 
(-)-trans-7 ,8-,  and  (-)-trans-9 , 10-diols)  (17,22,23)  and  a  number  of 
phenols  (1-,  3-,  7-,  and  9-phenols)  (17,24,25)  have  been  identified. 
Mechanistic  studies  which  have  been  conducted  cannot  eliminate  direct 
enzymatic  hydroxylation  as  a  possible  means  of  BaP  phenol  formation 
(16).  A  certain  amount  of  the  9-  and  7-phenols  may  arise  nonenzymat- 
ically  (22,26). 

The  BaP  6-phenol,  a  short-lived  compound  never  isolated  by  HPLC, 
is  purported  to  be  a  major  primary  oxidative  metabolite  of  BaP  (27). 
Although  the  exact  mechanism  of  6-hydroxylation  is  uncertain  (28),  it  is 
thought  to  proceed  enzymatically  since  liver  homogenates  fortified  with 
NADPH  are  required  for  the  formation  of  6-hydroxy  BaP  which  has  been 
detected  by  electron  spin  resonance  spectrophotometry  (ESR)  as  a  6-oxy 
free  radical  (29-31). 

Once  formed,  6-0H  BaP  is  thought  to  be  autooxidized  via  a  6-oxy 
free  radical  intermediate  to  three  quinone  metabolites  of  BaP  (1,6-, 

3,6-  and  6 , 12-quinones)  (17,30,32,33).  Quinones  may  also  arise  via  a 
cytochrome  P-450-mediated  one  electron  oxidation  of  BaP  to  a  radical 
cation  which,  in  turn,  could  be  oxidized,  via  a  cytochrome  P-450- 
mediated  transfer  of  oxygen,  to  the  6-oxy  free  radical  intermediate 
(34).  In  addition,  some  3,6-quinone  is  formed  by  further  chemical  or 
enzymatic  oxidation  of  the  BaP  3-phenol  (16,35,36). 

The  BaP  7,8-diol  can  be  further  metabolized  by  the  MFO  to  the 
7 ,8-dihydrodiol  9,10-epoxide  (diol  epoxide)  metabolite  (37,38).  Micro- 


soraal  metabolism  of  the  (+)  and  (-)  enantiomers  of  the  BaP  7,8-diol 
yielded  four  stereoisomeric  7,8-diol  9,10-epoxides  which  were  isolated 
by  HPLC  as  tetrols  and  triols  (39). 

The  formation  of  other  BaP  metabolites  such  as  the  BaP  9-phenol 
4,5-oxide  is  reviewed  elsewhere  (28). 

Oxygenated  metabolites  of  BaP  can  be  conjugated  to  form  gluta¬ 
thione,  glucuronide,  or  sulfate  derivatives  by  transferases  which  are 
present  in  the  liver  endoplasmic  reticulum  and  cytosol  as  well  as  in 
other  tissues  (10,40).  These  conjugates  can  form  in  vitro  in  the  pre¬ 
sence  of  the  soluble  fraction  of  liver  cell  homogenates  and  the  appro¬ 
priate  cofactors  (41-43). 

Activation  as  well  as  detoxification  can  occur  when  PAH  are  meta¬ 
bolized  (44).  Although  some  metabolites  of  BaP  have  little  or  no  tox¬ 
icity  in  biological  systems,  others,  such  as  arene  oxides  and  diol 
epoxides,  can  covalently  bind  to  cellular  macromolecules  such  as  DNA, 

RNA,  and  protein  (45-47).  These  interactions  can  result  in  the 
initiation  of  mutation  or  cancer.  Studies  have  shown  that  BaP,  as  well 
as  other  PAH,  must  be  metabolically  activated  to  exert  their  toxic 
effects  (48,49).  Generally,  a  detoxification  function  has  been  attrib¬ 
uted  to  conjugation  reactions.  However,  some  conjugates  can  be  cleaved 
enzymatically  or  non-enzymatically  to  yield  reactive  species  or  their 
precursors  (50).  Examples  include  the  sulfate  esters  of  N-hydroxy-2- 
acetylaminof luorene  and  6-hydroxymethylbenzo [a] pyrene  (6-OHMBaP)  (51,52). 

Inducers  of  Microsomal  Enzyme  Activity 

The  activity  of  the  enzymes  which  metabolize  PAH  is  affected  by 
the  species,  strain,  age,  sex,  and  nutritional  status  of  the  animals 
used  and  the  particular  tissues  from  which  the  enzymes  are  derived. 


Many  exogenous  compounds  can  act  as  inducers ,  inhibitors  and/ or  stimula¬ 
tors  of  microsomal  enzyme  activity  ^n  vivo  and  in  vitro.  At  present 
there  are  six  categories  of  chemical  agents  which  have  selective  effects 
on  MFO  and  on  EH  and  conjugase  enzyme  activity.  Such  compounds  can 
actually  modulate  the  detoxification  and  activation  pathways  of  PAH 
metabolism,  can  shift  metabolic  paths  in  favor  of  particular  metabo¬ 
lites,  and  therefore,  have  the  potential  to  interfere  with  or  enhance 
the  induction  of  mutagenicity  or  carcinogenicity  (53;  for  reviews  see 
10,54,55). 

3-Methylcholanthrene  (3-MC)  (a  PAH)  and  phenobarbital  (PB)  (a 
drug)  are  two  of  the  best  studied  inducing  agents  for  which  categories 
have  been  named  (56,57). 

Cytochrome  P-450  Induction 

Multiple  forms  of  cytochrome  P-450  have  been  isolated  and  puri¬ 
fied  from  different  tissues  of  different  animal  species.  There  are  at 
least  six  distinct  forms  of  the  cytochrome  present  in  rat  liver  micro- 
somes  which  differ  in  their  spectral  properties,  catalytic  activity  to¬ 
wards  a  number  of  substrates,  electrophoretic  mobilities,  immunological 
properties,  and  amino  acid  sequence  (for  reviews  see  10,60-62).  Induc¬ 
tion  by  PB  or  3-MC  is  distinguished  by  the  ability  of  each  of  these 
agents  to  elevate  levels  of  specific  cytochrome  P-450' s  (63).  Early 
studies  showed  that  the  de  novo  synthesis  of  the  cytochrome  selectively 
induced  by  3-MC  was  prevented  by  inhibitors  of  protein  and  RNA  synthesis 
(48,64).  More  recent  studies  have  shown  that  the  formation  of  specific 
mRNA's  which  code  for  the  synthesis  of  specific  cytochrome  P450's  is 
stimulated  by  the  administration  of  PB  to  rats  (65,66).  A  cytosolic 
receptor  has  been  implicated  in  the  mechanism  of  3— MC  induction  (67). 


Effects  of  Inducers  on  Spectral  Properties 

When  the  cytochrome  P-450  content  of  hepatic  microsomes  prepared 
from  rats  which  had  been  pretreated  with  3-MC  or  PB  was  determined,  it 
was  found  that  PB  preferentially  induced  cytochrome  P-450b  with  a  car¬ 
bon  monoxide-induced  difference  spectral  peak  at  450  nm,  while  3-MC  in¬ 
duced  predominantly  cytochrome  P-450c  with  spectral  peak  at  448  nm  (63, 
171),  Unlike  3— MC,  PB— pretreatment  causes  a  proliferation  of  rat  liver 
smooth  endoplasmic  reticulum,  increases  the  total  amount  of  microsomal 
protein,  and  increases  total  liver  weight  (68).  The  cytochrome  P-450 
present  in  microsomes  prepared  from  untreated  rats  has  spectral  proper¬ 
ties  similar  to  those  of  the  PB-inducible  form  (171). 

Effects  of  Inducers  on  Enzyme  Catalysis 

The  inducible  forms  of  cytochrome  P-450  have  characteristic  al¬ 
beit  overlapping  substrate  specificities  and  show  differences  in  the 
rates  at  which  these  substrates  are  metabolized. 

In  rats,  3-MC  preferentially  induces  cytochrome  P-450c-catalyzed 
aryl  hydrocarbon  hydroxylase  (AHH)  activity*  (63,171).  Although  it  does 
not  increase  the  catalytic  activity  of  ethylmorphine-N-demethylase  or 
NADPH-cytochrome  P-450(c_)  reductase  above  control  levels  (171),  it  poten¬ 
tiates  7-ethoxy coumarin-O-dealkylation  (63)  and  has  been  found  to  be  a 
weak  and  variable  inducer  of  EH  activity  (73). 

Cytochrome  P-450^-catalyzed  AHH  activity  is  selectively  induced 
by  PB  (63,171).  PB-pretreatment  more  than  doubles  ethylmorphine-N- 
demethylase  and  NADPH-cytochrome  P-450(_c)  reductase  activities  above 
control  levels  (171),  only  slightly  increases  7-ethoxycoumarin-0- 

*The  AHH  assay  measures  the  metabolic  conversion  of  BaP  "to  primarily  the 

highly  fluorescent  metabolite  3-OH  BaP. 
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dealkylase  activity  (63),  but  is  an  excellent  inducer  of  EH  activity 

li 

I 

(73).  Differences  in  the  rate  and  extent  of  BaP  metabolism  by  3-MC-, 

PB-,  and  control  microsomes  and  by  their  respective  purified  cytochrome 
P-450 !s  have  been  reported  (17,69). 

| 

Effects  of  Inducers  on  the  Regio-  and  Stereoselectivity  of  PAH  Metabo¬ 

lism 

■  *  .!> 

When  a  particular  PAH  undergoes  metabolism  by  microsomal  enzymes , 
there  are  certain  regions  of  the  molecule  which  are  more  likely  to  be 
attacked  than  others  (70,71).  This  regioselectivity  of  MFO  can  be 
altered  by  chemical  agents  which  preferentially  induce  or  inhibit  par¬ 
ticular  forms  of  cytochrome  P-450  (59,69).  As  a  result,  alterations 
can  occur  in  the  amounts  of  metabolites  produced  when  a  PAH  substrate 
such  as  BaP  is  metabolized  by  rat  liver  enzymes  derived  from  animals 
which  have  been  pretreated  with  agents  such  as  3-MC  or  PB,  or  which 
received  no  pretreatment  (17).  (For  examples  and  other  references  see 
next  section- "Regio-  and  Stereoselectivity  in  the  Metabolism  of  Benzo¬ 
in  a]  pyrene")  . 

Studies  examining  the  metabolism  of  BaP  to  mutagenic  metabolites 
have  shown  that  both  cytochrome  P-450  and  EH  play  critical  roles  in  the 
activation/detoxification  pathways  of  PAH  metabolism  (for  review  see 
21).  In  addition,  3-MC  and  PB  can  affect  PAH  metabolism  by  changing  the 
mixed  function  oxidase/epoxide  hydrolase  ratios  (72).  Shifts  in  the 
balance  of  these  enzyme  activities  are  possible  because  both  PB  and  3-MC 
are  inducers  of  MFO,  while  only  PB  shows  significant  ability  to  induce 
EH  activity  (73).  Since  glucuronide  conjugation  reactions  can  be 
enhanced  by  either  PB  or  3-MC  depending  on  the  substrate  involved  (74), 
induction  of  these  conjugation  enzymes  might  also  have  an  important 


effect  on  PAH  detoxification  and  activation. 

Mammalian  microsomal  enzyme  systems  have  been  found  to  preferen¬ 
tially  or  exclusively  attack  a  particular  face  of  the  substrate  PAH 
undergoing  metabolism  (59,71).  The  final  geometry  (absolute  configu¬ 
ration)  and  stereoisomeric  constituency  of  PAH  diol  and  diol  epoxide 
metabolites  is  largely  dependent  on  this  stereoselective  or  stereo- 
specific  attack  (39,75,76).  Distinct  differences  in  stereoselectivity 
in  the  metabolism  of  PAH  have  been  observed  with  untreated,  PB— ,  and 
3— MC— pretreated  liver  enzymes  (39).  (For  examples  and  other  references 
see  next  section  "Regio-  and  Stereoselectivity  in  the  Metabolism  of 
Benzof a] pyrene”).  The  effects  of  exogenous  chemicals  such  as  PB  and 
3— MC  on  this  aspect  of  metabolism  is  of  critical  importance  since  the 
carcinogenicity  and  mutagenicity  of  PAH  in  a  particular  living  system 
has  been  shown  to  be  intrinsically  related  to  the  stereochemistry  as 
well  as  amounts  and  potencies  of  the  active  metabolite(s)  (77-80  and 
discussion  in  81). 

Regio-  and  Stereoselectivity  in  the  Metabolism  of  Benzo[ a] pyrene 

Regioselective  differences  in  the  metabolism  of  BaP  by  rat  and 
rabbit  liver  enzymes  pretreated  with  3-MC  or  PB,  or  by  reconstituted 
enzyme  systems  containing  purified  induced  forms  of  cytochrome  P-450 
are  reflected  quantitatively  in  the  profiles  of  metabolites  formed  (17, 
26,69-71,82).  For  example,  pretreatment  with  3-MC  favors  formation  of 
the  9,10-  and  7,8-diols,  whereas,  pretreatment  with  PB  favors  formation 
of  the  4,5-diol  (17,26).  In  addition,  the  ratio  of  9-OH  BaP  to  3-0H 
BaP  formed  from  the  metabolism  of  BaP  was  found  to  vary  with  3-MC-  or 
PB-pretreatment  (69). 

Induction  by  3-MC  greatly  enhances  the  percent  of  substrate  meta- 
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bolized  as  well  as  the  catalytic  rate  of  conversion  of  BaP  to  both 
fluorescent  and  total  metabolites  compared  with  PB  induction  or  no  pre¬ 
treatment  (17,69). 

Purified  cytochrome  P-448  more  effectively  converted  BaP  to  muta¬ 
genic  metabolites  than  did  cytochrome  P-450.  The  higher  specific  acti¬ 
vity  of  cytochrome  P-448  compared  to  cytochrome  P-450  in  this  conver¬ 
sion  indicates  differences  in  the  active  site  of  the  two  hemoproteins 
(83).  At  least  one  model  for  the  catalytic  site  of  cytochrome  P-448 
has  been  proposed  (84). 

An  important  advance  in  the  understanding  of  the  biological  acti¬ 
vities  of  BaP  and  other  PAH  came  with  the  discovery  that  MFO  had  var¬ 
ious  degrees  of  stereoselectivity  in  the  metabolism  of  these  compounds 
to  reactive  intermediates  (for  reviews  see  28,39,54,55,78,85). 

Liver  microsomes  from  rats  pretreated  with  3-MC  stereospecif i- 
cally  converted  BaP  to  only  one  of  the  two  possible  7,8-diol  enantio¬ 
mers,  the  potently  carcinogenic  and  mutagenic  (-)-trans-7 ,8-diol  (37) 
(see  Fig.  1).  The  mechanism  of  formation  of  this  isomer  involves  the 
MFO-catalyzed  attack  of  molecular  oxygen  on  the  upper  face  of  the  BaP 
molecule  to  yield  exclusively  the  BaP  (+)-[7R,8S] -oxide.  EH  then 
stereospecif ically  hydrates  the  arene  oxide  by  cleavage  at  the  carbon 
8  position  to  form  the  (-)-trans-[7R,8R]-diol  (22,39).  This  diol  is 
converted  stereoselectively  by  MFO  to  predominantly  the  BaP  (-f)-trans- 
7 ,8-diol  9,10-epoxide,  the  metabolite  postulated  to  be  the  ultimate 
carcinogen  of  BaP  (75).  When  microsomes  from  PB-treated  or  control 
rats  were  used,  metabolism  was  less  stereospecific  in  either  the 
conversion  of  BaP  to  the  7,8-diol  or  the  subsequent  conversion  of  the 
diol  to  diol  epoxides  such  that  certain  percentages  of  other  possible, 
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less  tumorigenic  isomers  were  formed  (39,78). 

Thus  chemical  agents  can  dramatically  affect  the  pathways  that 
lead  to  reactive  chemical  species  in  BaP  metabolism  and  the  amounts  of 
these  active  metabolites  which  form. 

Mutagenicity,  Carcinogenicity,  and  Covalent  Binding  of  BaP  and  Deriva¬ 

tives 

The  theory  that  BaP  is  biologically  activated  via  a  pathway  that 
proceeds  consecutively  from  the  parent  hydrocarbon  through  two  proximate 
carcinogen  intermediates,  the  BaP  (+)-7 ,8-oxide  and  (-)-trans-7 ,8-diol 
to  the  ultimately  carcinogenic  7,8-diol  9,10-epoxide  has  been  supported 
by  evidence  obtained  from  mutagenicity,  carcinogenicity,  and  covalent 
binding  studies  (86,  and  see  reviews  in  28,54,55,87). 

BaP  and  most  of  its  known  and  potential  primary  and  secondary 
metabolites  (quinones,  diols,  phenols,  oxides)  were  not  found  to  possess 
substantial  intrinsic  mutagenic  activity  (with  the  exception  of  BaP  4,5- 
oxide  and  BaP  6-OH)  in  the  Ames  Salmonella  typhimurium  mutagenicity 
assay  or  Chinese  hamster  V79  cell  testing  system  (88).  However,  when  a 
PAH  metabolic  activating  system  was  added  to  either  the  bacterial  or 
mammalian  cell  bioassay,  the  most  extensive  conversion  to  mutagenic 
metabolites  of  any  of  the  compounds  tested  was  shown  by  the  BaP  trans- 
7 ,8-diol  followed  by  that  of  BaP  and  BaP  7,8-oxide.  Other  oxides, 
diols,  quinones,  and  phenols  were  inactive  or  were  less  actively  con¬ 
verted  to  mutagens  than  was  BaP  (89,90). 

Further  reinforcement  of  the  notion  that  the  BaP  7,8-diol  9,10- 
epoxide  was  the  ultimate  carcinogen  of  BaP  came  from  mutagenicity 
studies  performed  with  typhimurium  strains  TA  98  and  TA  100  and 
Chinese  hamster  V79  cells.  These  experiments  demonstrated  the  high 


inherent  mutagenic  activities  of  the  racemic  cis  and  trans  BaP  7,8- 


diol  9,10-epoxides*  (91,92)  relative  to  those  of  BaP  and  fifteen  of  its 
oxide,  phenol,  diol,  quinone,  and  other  diol  epoxide  derivatives  in 
either  the  bacterial  or  mammalian  cell  bioassay.  When  the  optically 
pure  (+)  and  (-)  enantiomers  of  each  racemate  were  purified  and  their 
mutagenic  activities  determined  in  both  testing  systems,  the  (— )  enan¬ 
tiomer  of  the  cis  BaP  7,8— diol  9,10— epoxide  was  up  to  9.5  times  more 
mutagenic  than  were  the  other  three  stereoisomers  in  the  bacterial  sys¬ 
tem.  However,  in  V79  cells,  the  (+)  enantiomer  of  the  trans  BaP  7,8- 
diol  9,10— epoxide  was  up  to  18  times  more  mutagenic  compared  to  the 
other  three  stereoisomers  (80).  The  exact  reason  for  the  differences 
seen  in  the  two  systems  is  still  speculative. 

Only  carcinogenicity  studies  can  verify  a  metabolite  or  compound 
as  a  proximate  or  an  ultimate  carcinogen.  The  results  of  several  types 
of  carcinogenicity  studies,  wherein  the  compound  to  be  tested  was 
applied  to  mouse  skin  as  a  complete  carcinogen  or  in  a  two-stage  initia¬ 
tor-promotor  regimen  with  phorbol  ester,  or  was  injected  subcutaneously 
into  newborn  mice,  demonstrated  the  high  tumorigenic  potencies  of  the 
BaP  trans-7 ,8-diol  (93-96),  and  the  trans  BaP  7,8-diol  9,10-epoxide  (97) 
compared  to  BaP  or  other  BaP  derivatives.  The  BaP  7,8-oxide  was  also 
active  as  a  tumorigen  (94,98).  Neither  the  BaP  6-phenol  (99)  nor  the 
4,5-oxide  (98)  showed  significant  tumorigenic  activity.  The  BaP  2- 

*The  cis  BaP  7,8-diol  9,10-epoxide  is  composed  of  two  enantiomers  each 
with  relative  configuration  such  that  the  9,10-epoxide  oxygen  is  cis  to 
the  7-benzylic  hydroxyl  group.  This  stereoisomer  is  also  known  as  the 
syn  isomer,  diol  epoxide  II,  or  diol  epoxide  1.  The  trans  BaP  7,8-diol 
9 ,10-epoxide  is  composed  of  two  enantiomers  each  with  relative  configur¬ 
ation  such  that  the  9,10-epoxide  oxygen  is  trans  to  the  7-benzylic  hy¬ 
droxyl  group.  This  stereoisomer  is  also  known  as  the  anti  isomer,  diol 
epoxide  I,  or  diol  epoxide  2. 


phenol  was  quite  active;  however,  this  compound  has  not  at  present  been 
shown  to  be  a  metabolite  of  BaP  (100).  Interestingly,  the  BaP  H4~7,8- 
epoxide  and  BaP  H4-7,8-diol,  two  compounds  whose  9,10-double  bonds  are 
saturated,  lack  carcinogenicity  implying  that  the  carcinogenicity  of 
BaP  7,8-oxide  and  BaP  7,8-diol  was  due  to  the  metabolic  activation  of 
these  compounds  to  7,8-diol  9,10-epoxides  (93,94). 

Further  studies  with  the  optically  pure  (+)  and  (-)  enantiomers 
of  BaP  7,8-oxide  and  trans-7 ,8-diol  showed,  that  in  each  case,  the 
tumorigenicity  of  one  particular  isomer  was  far  greater  than  for  the 
other  (101-103).  The  isomers  with  the  higher  activities  were  the  (+)- 
7,8-oxide  and  the  (-) -trans-7 ,8-diol.  The  (+)  enantiomer  of  the  trans 
BaP  7,8-diol  9,10-epoxide  was  the  only  one  of  the  four  possible  diol 
epoxide  stereoisomers  to  show  significant  tumorigenicity  (79,104). 

When  BaP  was  applied  topically  to  the  backs  of  mice,  the  (+) 
enantiomer  of  the  trans  BaP  7,8-diol  9,10-epoxide  was  found  to  be  the 
major  adduct  covalently  bound  to  DNA,  RNA,  and  protein  of  mouse  skin. 
Most  of  the  binding  of  this  isomer  to  DNA  and  RNA  occurred  at  the 
exocyclic  2-amino  group  of  guanine  as  it  did  in  vitro  to  double-stranded 
DNA  (105-107). 

Bay  Region  Theory  of  Carcinogencity 

Currently  the  most  widely  accepted  hypothesis  correlating  PAH 
structure  and  activity  is  the  bay  region  theory.  Jerina  and  colleagues 
postulated  that  PAH  bay  region  vicinal  diol  epoxides  should  be  the  meta¬ 
bolites  with  the  highest  chemical  and  biological  activity  since  the 
common  structural  feature  of  several  PAH  with  highly  reactive  diol 
epoxides  was  the  presence  of  the  epoxide  located  in  a  bay  region  and 
situated  on  an  angular  benzo  ring  (81,86,108).  An  additional  basis  for 


their  theory  came  from  DNA  binding  studies  by  Borgan  et  al .  (109)  and 
Sims  et  al .  (110)  which  implicated  the  BaP  vicinal  7,8-diol  9,10-epoxide 
as  the  ultimate  carcinogen  of  BaP. 

The  binding  of  the  vicinal  bay  region  diol  epoxide  to  DNA  is  be¬ 
lieved  to  occur  by  the  solvolytic  opening  of  the  benzylic  oxirane  car¬ 
bon-oxygen  bond  to  form  an  electrophilic  carbonium  ion  (111).  Dewar fs 
pertubational  molecular  orbital  calculations  of  the  ease  of  benzylic 
carbocation  formation  (as  given  by  ^e^eioc/3)  was  used  in  support  of 
the  bay  region  theory  to  predict  the  relative  chemical  activities  of 
many  PAH  diol  epoxides  (112).  It  was  assumed  that  the  more  readily  the 
electrophilic  carbonium  ion  formed,  the  higher  the  Ae^eloc/ft  and  the 
greater  the  tendency  for  electrophilic  attack  on  the  DNA  molecule.  In 
many  cases  this  quantum  mechanical  model  of  chemical  reactivity  readily 
predicted  the  relative  biological  activities  of  a  series  of  unsubsti¬ 
tuted  PAH  which  had  different  carcinogenic  or  mutagenic  potencies  (81, 
86,108,111,113).  However,  this  model  was  shown  to  be  not  totally 
effective  in  predicting  PAH  carcinogenicity.  For  example,  benzo[e]- 
pyrene  was  not  found  to  be  a  tumorigenic  compound  although  its  Ae(jeioc/B 
predicted  that  its  activity  should  be  substantial  (111,114).  In 
fact,  the  bay  region  theory  does  not  take  into  account  the  relative 
abilities  of  the  cytochrome  P-450's  and  EH  to  convert  parent  PAH  to 
their  respective  diols  or  to  convert  these  diols  to  diol  epoxides,  nor 
does  it  take  into  account  the  effects  of  substituents  or  stereochemical 
factors  (relative  configuration,  absolute  configuration,  and  confor¬ 
mation)  in  its  predictions  (81). 

*The  ir-electron  energy  change  in  terms  of  a  parameter,  As deloc*  in 

units  of  the  resonance  integral,  8. 


Other  Electrophilic  Species 


Based  on  evidence  from  a  number  of  studies,  mechanisms  of  PAH 
activation  to  electrophilic  reactants  other  than  the  bay  region  vicinal 
diol  epoxide  have  been  postulated  although  their  relative  contribution 
to  the  total  biological  activity  of  BaP  and  other  PAH  is  unknown  (115, 
116,  and  for  reviews  see  34  and  117). 

One  of  these  alternant  electrophiles  is  a  6-oxy  free  radical  gen¬ 
erated  at  position  six  of  BaP,  the  most  chemically  reactive  site  on  the 
molecule  (29-31,118,  and  see  discussion  in  previous  section-"Microsomal 
Metabolism  of  Benzo [a] pyrene") .  Another  reactive  species  of  BaP  is  a 
free  radical  cation  (117,119)  which  can  be  produced  via  a  one  electron 
oxidation  of  BaP  (119-121). 

Evidence  for  the  nucleophilic  trapping  of  the  BaP  radical  cation, 
in  vitro  by  DNA  isolated  from  rat  liver  nuclei  and  in  vivo  by  mouse  skin 
DNA,  was  obtained  from  studies  which  determined  the  tritium  loss  from 
specific  positions  on  the  BaP  molecule  after  electrophile-nucleophile 
reaction  had  taken  place.  Binding  was  shown  to  occur  predominantly  at 
the  six-position  of  the  BaP  molecule,  the  region  of  highest  charge  den¬ 
sity  (122).  The  6-oxy  free  radical  has  also  been  found  as  a  DNA  adduct 
and  has  been  detected  by  ESR  in  rat  liver  nuclei  (29,123). 

Rationale  for  Study  of  6-Methylbenzo[ a] pyrene  Metabolism 

Addition  of  a  methyl  substituent  at  any  of  the  twelve  possible 
substitution  sites  on  the  BaP  molecule  has  been  shown  to  enhanqe  or  di¬ 
minish  the  carcinogenicity  of  this  compound  (7,124-127).  Investigations 
designed  to  determine  the  biological  basis  for  these  differences  has 
just  begun  since  they  cannot  readily  be  accounted  for  by  the  original 
postulates  of  the  bay  region  theory  (81). 


6-Methylbenzo[ a] pyrene  (6-MBaP)  was  chosen  for  study  in  the 
investigations  to  be  elaborated  here  for  a  number  of  reasons: 

In  a  two-stage  mouse  skin  tumorigenicity  testing  system  and  in 
several  other  types  of  carcinogenicity  studies,  6-MBaP  was  found  to  be 
moderately  active  as  a  tumorigen  although  with  potency  less  than  that 
of  BaP  (96,127-129).  In  contrast,  comparative  mutagenicity  studies  of 
6-MBaP  and  BaP  showed  6-MBaP  to  be  the  more  active  compound  (52,130, 
131).  It  had  not  been  determined  how  the  presence  of  the  six-methyl 
group  resulted  in  differences  in  the  relative  biological  activties  of 
BaP  and  6-MBaP.  Although  the  primary  activation  pathway  of  BaP  had  been 
shown  to  proceed  via  a  (-)-trans-7 ,8-diol  intermediate  to  the  ultimately 
reactive  (+)-trans-7 ,8-diol  9,10-epoxide,  a  similar  pathway  in  the 
metabolism  of  6-MBaP  had  not  been  established.  The  6-methyl  group  of 
6-MBaP  is  located  in  a  position  peri  (adjacent)  to  the  terminal  benzo 
ring.  In  formulating  the  bay  region  theory,  it  was  noted  by  Jerina  and 
colleagues  that  the  presence  of  an  alkyl  (i.e.  methyl)  or  halogen  (i.e. 
fluoro)  substituent  located  in  a  position  peri  to  a  terminal  benzo  ring 
which  formed  part  of  a  bay  region  had  the  effect  of  decreasing  the 
tumorigenicity  of  the  substituted  PAH  relative  to  that  of  the  PAH  with¬ 
out  the  substituent  (19,81).  In  context  of  the  bay  region  theory,  the 
molecular  basis  for  this  peri  effect  could  involve  one  or  more 
factors  :  A  peri  alkyl  or  halogen  substituent  could  reduce  metabolism 
at  the  adjacent  terminal  ring  positions  (positions  7  and  8  of  6-MBaP). 
The  regioselectivity  of  the  cytochrome  P-450 fs  towards  the  metabolism 
of  BaP  in  the  formation  of  the  BaP  7,8-oxide  and  the  efficiency  of  EH 
towards  the  hydrolysis  of  this  epoxide  could  be  altered  by  the  presence 
of  a  6-methyl  group.  However,  additional  factors  must  also  be  con- 


sidered.  Due  to  steric  crowding  and/or  electronic  repulsion  (depending 
on  the  substituent),  conformational  transformations  would  be  induced 
in  a  dihydrodiol  metabolite  which  might  form  at  positions  of  the  ter¬ 
minal  benzo  ring  located  peri  to  an  alkyl  or  halogen  substituent  (i.e. 
the  7 ,8-dihyrodiol  metabolite  of  6-MBaP).  6-MBaP  is  the  only  mono- 
methylated  isomer  of  BaP  whose  trans— 7 ,8-diol  metabolite  would  prefer¬ 
entially  adopt  a  conformation  different  from  that  of  the  BaP  trans- 
7,8-diol  metabolite.  Conformational  alterations  in  a  key  dihydrodiol 
metabolite  could  result  in  decreases  in  its  further  metabolism  to 
bay  region  vicinal  diol  epoxides  and/or  could  effect  the  relative  reac¬ 
tivity  of  a  bay  region  vicinal  diol  epoxide  metabolite  which  did  form. 

Two  possible  conformations  have  thus  far  been  reported  for  PAH 
trans  diols  formed  by  mammalian  metabolic  enzyme  systems.  In  the  quasi- 
diequatorial  (EE)  conformation,  the  diol  hydroxyls  lie  in  the  plane  of 
the  molecule  and  this  conformation  has  been  reported  for  the  hydroxyl 
groups  of  the  BaP  (-)-trans-7 ,8-diol  and  the  BaP  (-)-trans-4 ,5-diol. 
Alternately,  hydroxyl  groups  can  lie  above  and  below  the  plane  of  the 
molecule  in  the  quasi-diaxial  (AA)  conformation.  This  conformation 
is  preferentially  adopted  by  the  hydroxyl  groups  of  the  BaP  (-)-trans- 
9,10-diol  and  is  the  conformation  anticipated  for  a  diol  metabolite 
which  forms  in  a  baylike  region  brought  about  by  a  peri  methyl  substi¬ 
tuent  (see  references  133-139  and  discussions  of  PAH  diol  conformation 
therein) . 

The  biological  activity  of  BaP  is  also  dependent,  in  part,  on  its 
stereoselective  conversion  by  metabolic  enzyme  systems  to  particular 
stereoisomers  of  the  7,8-diol  and  7,8-diol  9,10-epoxide.  The  effects 
of  the  six-methyl  group  on  the  conversion  of  6-MBaP  to  optically  active 


metabolites  is  not  known. 


Additional  interest  in  6— MBaP  was  sparked  from  studies  which  pro¬ 
posed  that  metabolites  other  than  the  7,8-diol  and  bay  region  vicinal 
7,8— diol  9,10— epoxide  might  play  a  role  in  the  activation  of  this  com¬ 
pound. 

Cavalieri  and  colleagues  have  suggested  that  a  one  electron  oxi¬ 
dation  of  6-MBaP  to  a  free  radical  cation  might  be  an  important  method 
of  bioactivation  for  this  compound  (34,116,117).  His  hypothesis  is 
based  on  the  high  ionization  potential  of  6-MBaP  which  is  a  reflection 
of  the  compound’s  ability  to  form  a  radical  cation;  on  the  results  of 
studies  examining  the  binding  of  6-MBaP  to  DNA  iti  vitro  in  a  horserad¬ 
ish  peroxidase/hydrogen  peroxide-catalyzed  reaction  system;  and  on  the 
results  of  studies  examining  the  binding  of  6-MBaP  to  mouse  skin  DNA 
in  vivo.  6-MBaP  was  reported  to  bind  to  the  nucleophile  at  the  6-methyl 
group  although  solid  evidence  to  support  this  conclusion  was  not  given 
(58,117,  and  reviewed  in  34).  In  a  discussion  of  these  experiments,  it 
was  suggested  that  differences  in  the  abilities  of  6-MBaP  and  BaP  to 
form  radical  cations  might  account,  at  least  in  part,  for  differences  in 
their  relative  carcinogenicities. 

Another  postulated  mechanism  of  activation  of  6-MBaP  involves  the 
initial  biotransformation  of  this  compound  to  6-0HMBaP  (141).  Most 
studies  comparing  the  carcinogenic  activity  of  6-0HMBaP  and  6-MBaP 
showed  the  parent  compound  to  be  more  active  than  the  derivative  depend¬ 
ing  on  the  tumor  model  system  used  (96,116,128,129,141,142).  However, 
further  studies  showed  that  6-OHMBaP  might  first  have  to  be  converted 
enzymatically  to  a  reactive  ester  with  a  good  leaving  group  which  could 
in  turn  form  a  benzylic  carbonium  ion  capable  of  covalently  binding  to 


DNA.  Binding  appeared  to  be  ATP-dependent  (52,115,129,140,143).  The 
sulfate  ester  of  6—OHMBaP  has  been  found  to  have  both  significant  car— 
cinogenic  and  mutagenic  activity  and  is  purported  to  form  in  vitro 
from  the  metabolic  activation  of  6-OHMBaP  by  a  rat  liver  cytosolic  sul- 
f otransf erase-PAPS  generating  system  in  the  presence  of  ATP  (52,116,128, 
170,  and  reviewed  in  34).  Sulfate  ester  formation  is  thought  to  play 
a  role  in  the  bioactivation  of  7 , 12-dime thylbenz [a] anthracene  and  2- 
acetylaminof luorene  to  mutagens  and  has  been  implicated  in  the  mechanism 
of  carcinogenicity  of  these  two  compounds  (51,52,144). 

The  controversy  surrounding  6-MBaP  as  a  biologically  active  com¬ 
pound  necessitated  a  better  understanding  of  the  metabolic  pathways  of 
this  PAH.  Since  reliable  qualitative  and  quantitative  data  on  the  meta¬ 
bolism  of  6-MBaP  were  lacking,  the  current  study  was  undertaken. 

In  broad  perspective,  these  investigations  were  carried  out  to 
determine  the  effect  of  methyl  substitution  at  position  six  on  the 
metabolism  of  6-MBaP  relative  to  that  of  BaP.  It  was  felt  that  this  was 
a  necessary  first  step  to  the  eventual  understanding  of  the  molecular 
basis  for  the  differences  in  the  biological  activities  of  these  two 
compounds  which  differ  only  in  the  methyl  substituent. 

Practically,  there  were  four  aspects  to  the  study: 

The  first  aspect  was  qualitative  in  nature.  The  metabolites  of 
6-MBaP  formed  in  vitro  by  rat  liver  microsomes  were  isolated  and  identi¬ 
fied  to  determine  if  there  were  differences  or  similarities  in  the 
metabolic  profiles  of  6-MBaP  and  BaP.  A  determination  of  the  effects 
of  the  peri  methyl  substituent  on  the  conformation  and  geometric  config¬ 
urations  of  the  6-MBaP  diol  metabolites  was  also  made. 

In  the  second  aspect  of  the  investigations,  a  quantitative  study 


was  made  of  the  relative  amounts  of  6-MBaP  and  BaP  metabolites  formed  by 
rat  liver  microsomes  prepared  from  rats  pretreated  with  3-MC  or  PB,  or 
from  animals  which  received  no  pretreatment  (control  microsomes).  This 
was  done  for  the  following  reasons :  to  compare  the  effects  of  the 
six-methyl  group  on  total  metabolism  of  the  two  substrates;  to  see  if 
the  peri  methyl  group  directed  metabolism  away  from  the  terminal  benzo 
ring  to  other  sites  on  the  molecule;  to  see  if  there  were  differences 
in  the  major  metabolites  of  BaP  and  6— MBaP;  to  compare  the  relative 
amounts  of  6-MBaP  and  BaP  7,8-diol  formation  and  that  of  the  other 
diol  metabolites  of  BaP  and  6-MBaP;  to  determine  any  differences  in 
the  regioselective  metabolism  of  the  two  substrates  which  might  be 
brought  about  by  prior  treatment  of  the  liver  enzymes  with  the  inducing 
agents  3-MC  and  PB,  and  to  compare  the  results  obtained  using  the 
induced  preparations  with  those  obtained  using  the  control  preparation. 

In  the  third  aspect  of  the  study,  the  comparative  metabolism  of 
6-MBaP  and  BaP  to  optically  active  diol  metabolites  was  investigated. 

Finally,  qualitative  and  quantitative  investigations  of  the 
further  metabolism  of  6-OHMBaP  were  undertaken  because  several  6-OHMBaP 


phenol  metabolites  were  found  to  be  metabolites  of  6-MBaP. 


MATERIALS  AND  METHODS 


Materials 

Substrates .  BaP  and  specifically  labelled  [7 , 10-14C]BaP  (26 
mCi/mmol)  were  purchased  from  Aldrich  Chemical  Co.,  Milwaukee,  Wise, 
and  Amersham  Radiochemicals,  Arlington  Heights,  IL.,  respectively.  Un¬ 
labelled  6-MBaP  and  6-OHMBaP  were  synthesized  according  to  established 
procedures  (145-147)  by  Dr.  Peter  P.  Fu  (National  Center  for  Toxicologi¬ 
cal  Research,  Jefferson,  Arkansas).  Synthesis  of  generally  labelled 
[3h]6— MBaP  (62  mCi/mmol)  by  catalytic  exchange  in  solution  with  tritium 
gas  and  of  specifically  labelled  [ 6-CH2“3H] 6-OHMBaP  (141  mCi/mmol)  by 
reduction  of  BaP  6-carbaldehyde  with  sodium  borotriteride,  were  also 
performed  by  Amersham  Radiochemicals. 

Due  to  the  presence  of  impurities,  it  was  necessary  to  initially 
purify  labelled  or  unlabelled  substrate  by  passage  of  the  compounds  over 
a  silica  gel  column  (Bio-Sil  A,  100-200  mesh,  Bio-Rad  Labs,  Richmond, 
Ca.)  with  100%  hexane  (labelled  and  unlabelled  BaP  and  6-MBAP)  or  25% 
ethyl  acetate  in  hexane  (labelled  and  unlabelled  6-OHMBaP)  as  the 
eluting  solvents.  Final  purification  steps  were  carried  out  as  required 
by  reversed-  and  normal-phase  HPLC.  The  final  purity  of  radiolabelled 
substrates  was  established  by  HPLC-fractionation  techniques  identical 
to  those  used  in  the  quantitation  experiments.  [^C]BaP  and  [^H]  6-MBaP 
were  found  to  have  purities  of  greater  than  99%.  [^H] 6-OHMBaP  was  98% 
pure.  Before  use,  labelled  substrates  were  diluted  to  the  indicated 
specific  activities  with  unlabelled  substrate  and  diluted  to  appropriate 
concentrations  with  organic  solvent.  Identities  of  substrates  were  con¬ 
firmed  by  mass  spectroscopy  (non-labelled)  or  by  elution  of  labelled 
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substrate  with  authentic  unlabelled  standards. 

The  extinction  coefficient  of  6-OHMBaP  (56,823  cm-1  M~1  at  a 
wavelength  maximum  of  301  run)  was  determined  spectrophotometrically  with 
known  preweighed  amounts  of  purified  compound  dissolved  in  methanol. 

Animals.  Male  80  to  100  g  Sprague-Dawley  rats  (Taconic  Farms, 
Germantown,  N.Y.)  were  used  for  preparation  of  microsomal  enzymes. 

Groups  of  four  animals  were  housed  in  plastic  cages  with  metal  screen 
tops  under  a  controlled  light /dark  cycle  on  wood-chip  bedding.  The 
rats  were  allowed  free  access  to  food  (Agway  Rat  Chow)  and  water. 

Other.  Synthetic  BaP  metabolite  standards  were  purchased  from 
the  Chemical  Respository  of  the  National  Cancer  Institute,  Bethesda, 

MD. ,  while  [^Hj^O  and  [^C]  toluene  liquid  scintillation  calibration 
standards  came  from  Amersham  Radiochemicals.  The  liquid  scintillation 
cocktail  used  in  the  quantitative  studies  (Redi-Solv  HP)  was  purchased 
from  Beckman,  Fullerton,  CA.  All  other  reagents,  solvents,  biochem¬ 
icals,  and  materials  were  purchased  from  commercial  sources. 

Methods 


Microsome  preparation.  Selective  induction  of  liver  microsomal 
enzyme  activity  was  achieved  by  the  intraperitoneal  injections  of 
animals  with  sodium  phenobarbital  (Mallinckrodt ,  St.  Louis,  MO.)  dis¬ 
solved  in  water  (75  mg/kg/day  for  three  days)  or  3-methylcholanthrene 
(Sigma  Chemical  Co.,  St.  Louis,  MO.)  dissolved  in  corn  oil  (25  mg/kg/day 
for  four  days)  in  standard  dosage  regimens.  Control  enzyme  preparations 
were  made  from  animals  which  received  no  pretreatments.  Hereafter, 
the  three  microsomal  preparations  will  sometimes  be  referred  to  as 


3-MC-,  PB-,  or  control  microsomes.  As  a  result  of  pretreatraent ,  the 
cytochrome  P-450  contents  of  3-MC-  and  PB-microsomes  were  induced 
to  extents  comparable  with  those  obtained  by  Alvares  et  al.  (171). 

Animals  were  sacrificed  by  cervical  dislocation  24  hours  after 
the  last  injection  of  inducer.  Livers  were  promptly  removed  and  placed 
in  0.25  M  sucrose— 0.05  M  TRIS— HC1  buffer,  pH  7.5.  Microsomes  were 
prepared  from  fresh  liver  homogenates  as  described  in  (148)  with  several 
modifications.  Briefly,  liver  homogenates  were  centrifuged  for  15 
min  at  9000  x  g.  The  supernatant  was  then  centrifuged  at  105,000  x  g 
for  1  hr  to  obtain  the  microsomal  pellet.  Microsomes  equivalent  to 
1  gm  liver,  wet  weight,  were  resuspended  in  buffer  and  stored  as  sus¬ 
pensions  at  -80°F  prior  to  use.  The  microsomal  protein  concentrations 
and  cytochrome  P-450  contents  were  obtained  as  described  respec¬ 
tively  by  the  methods  of  Lowry  (149)  and  Omura  et_  al .  (150).  A  Carey 
model  118  spectrophotometer,  (Varian  Instruments,  Palo  Alto,  CA.)  and 
an  Aminco  DW-2a  spectrophotometer,  (American  Instrument  Co.,  Silver 
Spring,  MD.)  were  used  respectively  in  making  these  determinations. 

The  AHH  activity  of  each  preparation  was  determined  f luorimetrically , 
using  a  Model  MPF-44A  fluorescence  spectrophotometer,  (Perkin-Elmer 
Corp.,  Norwalk,  Conn.)  essentially  by  the  method  of  Nebert  et  al. 

(151)  with  modifications  as  described  in  (152).  For  the  comparative 
quantitative  studies  of  [3H]6-MBaP  and  [^C]BaP  metabolism,  the  cyto¬ 
chrome  P-450  contents  (nmol  cytochrome  P-450  per  mg  protein)  of  3-MC-, 
PB-,  and  control  microsomes  were  determined  to  be  0.99,  1.81,  and  0.49 
respectively.  For  the  same  studies,  the  AHH  activity  (pmol  3-OH  BaP 
per  mg  protein  per  minute)  for  3-MC-,  PB- ,  and  control  microsomes  were 
respectively  1500.3,  229.7,  and  76.2.  In  a  separate  series  of  experi- 


merits  in  which  the  conversion  of  [3H] 6-OHMBaP  to  its  metabolites  was 
studied,  the  cytochrome  P-450  contents  of  3-MC-,  PB-,  and  control 
microsomes  were  1.32,  1.48,  and  0.38  nmol  cytochrome  P-450  per  mg 

protein  respectively.  AHH  activity  of  these  preparations  was  not 
determined. 

In  vitro  incubations.  For  qualitative  studies,  metabolites  of 
6-MBaP ,  6-0HMBaP,  or  BaP  were  obtained  from  large  volume  incubations 
(>  100  ml)  of  substrate  with  3— MC— ,  PB-,  or  control  microsomes.  Each 
ml  of  incubation  mixture  (pH  7.5)  contained:  50  pmol  TRIS-HC1,  3  pmol 
MgCl2,  2  pmol  glucose-6-phosphate ,  0.1  unit  of  glucose-6-phosphate  de¬ 
hydrogenase  (Type  II,  Sigma  Chemical  Co.,  St.  Louis,  MO.),  96  pg  NADP+, 

1  mg  microsomal  protein,  and  80  nmol  of  substrate  added  in  40  pi  meth¬ 
anol.  The  reaction  was  allowed  to  proceed  for  1  hour  in  a  37 °C  shaker 
water  bath  in  the  presence  of  atmospheric  O2*  under  yellow  light.  One 
volume  of  acetone  was  added  to  terminate  the  reaction  and  2  volumes  of 
ethyl  acetate  were  added  to  extract  substrate  and  metabolites.  The 
organic  layer  was  separated  from  the  water  layer  and  evaporated  under 
reduced  pressure  (Biichi  Rotavapor-RE/A,  Brinkman  Instruments,  Inc., 
Westbury,  N.Y.).  The  residue  was  dissolved  in  acetone  (3x2  ml),  and 
the  insoluble  materials  were  removed  by  centrifugation.  This  acetone 
solution  was  then  gently  evaporated  using  a  Model  SVC-100H  Speed  Vac 
Concentrator,  (Savant  Instruments,  Inc.,  Hicksville,  N.Y.)  and  the  resi¬ 
due  was  redissolved  in  tetrahydrofuran  (THF) /methanol  (1:1,  v/v)  for 
reversed-phase  HPLC  or  in  THF/hexane  (1:3,  v/v)  for  normal-phase  HPLC. 

Reaction  mixtures  for  quantitative  determinations  of  the  micro¬ 
somal  metabolism  of  radiolabelled  6-MBaP,  BaP,  or  6-OHMBaP  contained 
80  nmol  of  [3H] 6-MBaP,  [14C]BaP,  or  [3H] 6-OHMBaP ,  0.15  mg  3-MC-micro- 
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somal  protein,  0.3  mg  PB-microsomal  protein,  or  0.4  mg  control  micro¬ 
somal  protein,  and  other  cofactors  as  described  above  in  a  1  ml  total 
incubation  volume.  Incubations  were  allowed  to  proceed  in  (16  x  100  mm) 
test  tubes  for  5  or  10  minutes  as  described  above.  Three  blanks,  incu¬ 
bated  for  either  zero  time,  5  minutes,  or  10  minutes,  were  prepared  by 
adding  boiled  microsomes  and  1  ml  acetone  to  the  reaction  mixture  prior 
to  incubation.  For  sample  tubes,  the  enzymatic  reactions  were  stopped 
by  the  addition  of  1  ml  acetone  which  was  evenly  dispersed  in  the  tube 
by  mixing  for  1  minute.  Ethyl  acetate  (2  ml)  was  then  added  to  each 
tube  to  extract  substrate  and  metabolites,  tubes  were  mixed  for  1 
minute,  and  a  clear  separation  of  aqueous  and  organic  layers  was  ob¬ 
tained  by  centrifugation.  The  organic  layer  was  pipetted  into  a  separ¬ 
ate  test  tube  and  dehydrated  with  anhydrous  MgS04*  When  the  radioac¬ 
tivity  of  both  aqueous  and  organic  phases  was  determined,  labelled 
material  extracted  into  the  organic  phase  was  found  to  be  98%  or  greater 
of  the  total  amount  originally  added  to  the  incubation  mixtures. 

Samples  were  then  stored  in  capped  tubes  at  4°C  until  processing  for  up 
to  a  week  with  no  perceptible  decomposition.  Prior  to  HPLC  analysis  of 
metabolites,  1  ml  of  the  organic  layer  was  removed  from  storage.  An 
unlabelled  metabolite  mixture  prepared  from  a  large  scale  in  vitro  incu¬ 
bation  of  6-MBaP,  BaP,  or  6-OHMBaP  with  rat  liver  microsomes  was  added 
to  provide  ultraviolet  markers  for  the  labelled  metabolites.  The 
sample  was  then  gently  dried  in  a  vacuum  centrifuge,  resuspended  in  up 
to  25  \xl  of  methanol/THF  (1:1  v/v)  and  injected  into  the  HPLC. 

In  tabulating  the  specific  activities  of  metabolite  formation, 
the  specific  activities  of  [3H] 6-MBaP  and  [3H] 6-OHMBaP  metabolites  were 
assumed  to  be  that  of  the  parent  compound.  The  exact  amount  of  tritium 


loss  due  to  metabolism  of  generally  labelled  [3H] 6-MBaP  or  due  to  ex¬ 
change  of  tritium  label  with  hydrogen  atoms  in  the  incubation  mixture 
is  not  known.  Rates  of  radiolabelled  6-MBaP  diol  formation  are  probably 
quite  accurate  because  label  is  retained  on  the  molecule  during  the  pro¬ 
cess  of  diol  formation.  However,  rates  of  formation  of  6-MBaP  phenols 
and  6-OHMBaP  phenols  (as  metabolites  of  6-MBaP)  are  likely  to  be  some¬ 
what  underestimated  since  a  certain  but  unknown  percentage  of  phenol 
formation  probably  takes  place  via  an  NIH  shift  mechanism  (20)  which 
results  in  tritium  loss.  Estimations  of  the  specific  activities  of 
[  3H]  6-OHMBaP  metabolites  are  thought  to  be  very  accurate  since  no  meta¬ 
bolism  occurs  at  the  6-hydroxymethyl  group  where  6-OHMBaP  is  specifi¬ 
cally  labelled.  Therefore,  any  tritium  loss  would  be  due  only  to  ex¬ 
change  with  hydrogen  atoms  in  the  incubation  mixture. 

Reversed-phase  HPLC.  Reversed-phase  HPLC  analyses  of  labelled 
or  unlabelled  6-MBaP,  BaP,  or  6-OHMBaP  metabolites  were  performed  on  a 
Waters  Model  6000A  liquid  chromatograph  equipped  with  a  Model  660  sol¬ 
vent  programmer  (Waters  Associates  Inc.,  Milford  Mass.)  and  fitted  with 
a  Vydec  Cjg  TP201  5  micron  analytical  HPLC  column  (4.6  mm  ID  x  25  cm; 

The  Separations  Group).  Metabolites  of  6-MBaP,  BaP,  [3H] 6-MBaP,  or 
[l^C]BaP  were  eluted  with  a  35-minute  linear  gradient  of  50  to  100% 
methanol  in  water  at  a  flow  rate  of  1  ml/minute  and  were  detected  by 
their  ultraviolet  absorbance  at  254  nm  (Water  Series  440  Absorbance  De¬ 
tector).  For  increased  accuracy  in  quantitation,  the  [3H] 6-MBaP  4,5-, 
7,8-,  and  9,10-diol  metabolites  were  also  separated  with  50%  methanol  in 
water  at  a  flow  rate  of  1.4  ml/minute.  These  conditions  increased  the 
distance  between  the  9,10-  and  7,8-diol  peaks  as  they  eluted  from  the 
HPLC  column.  Metabolites  of  6-OHMBaP  or  [3H] 6-OHMBaP  were  eluted  with  a 


35-minute  linear  gradient  of  50  to  90%  methanol  in  water  at  a  flow  rate 
of  1  ml/minute. 

For  all  qualitative  work,  column  eluents  were  collected  directly. 
For  quantitative  studies,  the  eluent  was  dispensed  in  approximately 
0,3  ml  fractions  by  a  Gilson  (Middleton,  Wise#)  Aliquogel  Liquid  Column 
Fractionator,  Redi— Solv  HP  (Beckman)  was  added  to  each  fraction  which 
was  then  shaken  to  ensure  dissolution  of  all  material. 

Normal-phase  HPLC,  For  nuclear  magnetic  resonance  spectral  an¬ 
alysis  (NMR) ,  6-MBaP  diol  metabolites  were  separated  with  a  Zorbax  SIL 
HPLC  Column  (6,2  mm  ID  x  25  cm;  Dupont  Instruments  Co,,  Wilmington, 

Del,)  according  to  methods  described  in  (153). 

Radioactivity  determination.  Radioactivity  was  determined 
using  a  refrigerated  Packard  Tri-Carb  B2450  liquid  scintillation  coun¬ 
ter.  Counting  efficiency  was  determined  using  [^C]  toluene  or  [%]H20 
standards  dissolved  in  ratios  of  methanol  and  water  comparable  with 
those  used  for  HPLC.  For  quantitative  analysis  of  6-MBaP,  BaP,  or 
6-OHMBaP  metabolite  formation,  a  pre-programmed  cassette  tape  inserted 
into  a  Hewlett-Packard  9815A  calculator  was  used  to  convert  CPM  to 
picomoles  for  each  ml  of  incubation  mixture  after  appropriate  background 
subtraction.  Radioactivity  above  baseline  which  was  detected  in  certain 
fractions  upon  analysis  of  the  labelled  6-MBaP,  BaP,  or  6-OHMBaP  incu¬ 
bation  blanks  was  subtracted  from  the  radioactivity  contained  in  the 
corresponding  sample  fractions. 

Physicochemical  properties.  Ultraviolet-visible  (UV)  absorption 
spectra  of  metabolites  were  measured  on  a  Beckman  Model  25  spectrophoto¬ 
meter  in  methanol  against  a  methanol  solvent  blank.  Mass  spectral 


analysis  of  metabolites  was  performed  on  a  Finnigan  4000  gas  chromato¬ 
graph-mass  spectrometer-data  system  (Finnigan  Instrument  Co.,  Cincin¬ 
nati,  Ohio)  by  electron  impact  with  a  solid  probe  at  70  eV  and  250°C 
ionizer  temperature.  If  necessary,  20  to  40  pi  of  ascorbic  acid  (0.5% 
in  water)  were  added  prior  to  mass  spectroscopy  to  prevent  decomposition 
of  metabolites.  The  dihydrodiol  metabolites  of  6-MBaP  in  acetone-dfc 
with  a  trace  of  D2O  were  characterized  by  NMR  on  a  Bruker  WM500  spec¬ 
trometer.  Coupling  constants  obtained  for  the  6-MBaP  trans  diol  metab¬ 
olites  were  similar  to  those  obtained  by  the  NMR  analyses  of  other  PAH 
trans  diols  with  hydroxyl  groups  located  in  sterically  hindered  regions 
of  their  respective  parent  molecules  (137,138,157). 

Diacetate  derivatization.  Due  to  their  labilities,  1-hydroxy- 

and  3-hydroxy-6-OHMBaP  were  derivatized  to  their  diacetates  prior  to 

mass  spectral  analysis.  Several  pg  of  either  phenol  were  dissolved  in 

50  pi  of  anhydrous  pyridine.  Thirty  pi  of  dimethylaminopyridine 

and  150  pi  of  acetic  anhydride  were  then  added.  The  reaction  mixture, 

contained  in  a  tightly  capped  test  tube,  was  heated  at  70°C  in  a  water 

bath.  After  1  hour,  3  ml  of  ethyl  acetate  and  1  ml  of  water  were  added 

♦ 

to  the  test  tube  which  was  then  mixed  to  facilitate  extraction  of 
diacetate  into  the  organic  layer.  The  organic  layer  was  washed  with 
water  three  more  times  to  remove  any  remaining  acid  and  was  then 
evaporated  to  dryness  and  the  residue  resuspended  in  100%  methanol.  Di- 
acetates  were  isolated  by  reversed— phase  HPLC  using  a  Dupont  Zorbax  ODS 
column  (4.6  mm  ID  x  25  cm)  and  a  25-minute  linear  gradient  of  60  to  100% 
methanol  in  water  at  a  flow  rate  of  1  ml/minute. 
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Preparation  of  metabolites  for  circular  dlchroism  spectroscopy 

'll 

(CD) .  Dihydrodiol  metabolites  of  6-MBaP,  BaP,  or  6-OHMBaP  were  isolated 
by  reversed-phase  HPLC  as  described  above  and  were  rechromatographed  in 
methanol.  The  CD  spectra  were  then  recorded  directly. 

Circular  dichroism  spectroscopy.  Optical  activity  of  6-MBaP, 

BaP,  or  6-OHMBaP  dihydrodiol  metabolites  were  determined  in  methanol  in 
a  1  cm  pathlength  quartz  cell  using  a  Jasco  Model  500A  spectropolar- 
imeter  equipped  with  a  Jasco  Model  DP-500  data  programmer  (Jasco  In- 
corp.  ,  Easton,  MD.).  CD  spectra  were  recorded  after  subtracting  appro- 

1 

priate  solvent  backgrounds  and  were  expressed  as  ellipticity  in 

t 

millidegrees  at  a  given  wavelength)  for  a  methanol  solution  that  reads 
1.0  absorbance  in  a  spectrophotometer  at  the  wavelength  of  absorption 

it 

maximum  in  a  cell  of  1  cm  pathlength.  Molecular  ellipticity  ( [  9  ]  \  in 

St 

degrees  •  cm^/dmol)  was  calculated  from  using  [0]^  =  0« 

iii« 

and  the  appropriate  diol  extinction  coefficient. 


RESULTS 


Effect  of  the  Six-Methyl  Group  on  Metabolite  Profiles 

In  vitro  incubations  of  6-MBaP  and  BaP  with  rat  liver  microsomes 
were  performed  in  order  to  determine  the  effects  of  the  six  methyl  group 
on  the  types  of  metabolites  formed.  In  order  to  achieve  the  greatest 
yield  of  metabolites,  3-MC-microsomes  were  used  in  initial  studies. 

A  comparison  of  the  metabolite  profiles  of  6-MBaP  and  BaP  formed 
from  the  incubation  of  either  substrate  with  3-MC-microsomes  is  shown  by 
the  chromatograms  appearing  in  Fig.  2  and  Fig.  3.  Incubations  were 
carried  out  as  described  in  "Materials  and  Methods."  Metabolites  of 
6— MBaP  or  BaP  were  separated  from  a  concentrated  metabolite  mixture 
by  reversed— phase  HPLC  using  procedures  also  described  in  Materials 
and  Methods." 

The  identities  of  the  6-MBaP  metabolites  shown  in  Fig.  2  are  (in 
order  of  increasing  retention  time  and  decreasing  polarity) :  6-MBaP 
trans-4 , 5-dihydrodiol  (6-MBaP  4,5-diol),  6-MBaP  trans-9 , 10-dihydrodiol 
(6-MBaP  9 , 10-diol) ,  6-MBaP  trans-7 , 8-dihydrodiol  (6-MBaP  7,8-diol), 
l-hydroxy-6-hydroxyme thy 1-BaP  (1-OH  6-OHMBaP) ,  3-hydroxy-6-hydroxy- 
methyl-BaP  (3-OH  6-OHMBaP),  6-hydroxymethyl-BaP  (6-OHMBaP),  1-hydroxy- 
6— MBaP  ( 1— OH  6— MBaP) ,  eluted  in  the  left  side  of  the  chromatographic 
peak  containing  other  monohydroxylated  metabolites  of  6-MBaP  (OH  6-MBaP 
Peak  II).  The  6— MBaP  (structure  shown)  substrate  peak  emerged  last. 

When  PB-microsomes  were  used  to  metabolize  6-MBaP,  two  other 
chromatographic  peaks  were  obtained  which  were  not  detected  in  the  pro¬ 
file  of  metabolites  formed  by  3-MC-microsomes.  The  radiogram  depicted 
in  Fig.  5  confirmed  the  elution  positions  of  these  two  peaks  whose 
retention  times  are  indicated  in  Fig.  2  by  dashed  lines.  The  first 
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peak  was  positively  identified  as  12-hydroxy  6-MBaP  (12-OH  6-MBaP), 
while  the  second  was  tentatively  identified  as  a  monohydroxylated 
metabolite  of  6-MBaP  (OH  6-MBaP  Peak  I).  12-Hydroxy  6-MBaP  was  also 
detected  when  control  microsomes  were  used. 

1 1 

The  radiograms  shown  in  Fig.  4  and  Fig.  5  were  obtained  after 
HPLC  separation  and  quantitative  analysis  of  the  metabolites  of 
[^H] 6-MBaP  formed  by  3-MC-  or  PB-microsomes  using  procedures  described 
in  ''Materials  and  Methods."  Chromatographic  conditions  were  identical 
to  those  used  to  separate  the  metabolites  formed  from  unlabelled  sub¬ 
strate  (see  Fig.  2).  The  radiogram  obtained  upon  analysis  of  [^H]6-MBaP 
metabolism  by  control  microsomes  was  similar  to  that  shown  for  PB-micro- 

I 


somes  and  is  not  presented, 
radiogram  in  Fig.  4  or  Fig. 


Metabolite  peaks  indicated  in  the 


m 

5  correspond  to  particular  chromatographic 


peaks  shown  or  indicated  in  Fig.  2. 


Identical  conditions  were  used  to  separate  the  metabolites  of  BaP 
shown  in  the  chromatogram  in  Fig.  3.  They  are  (in  order  of  increasing 
retention  time  and  decreasing  polarity):  BaP  9 , 10-dihydrodiol  (BaP 
9,10-diol),  BaP  4 , 5-dihydrodiol  (BaP  4,5-diol),  BaP  7 ,8-dihydrodiol  (BaP 
7,8-diol),  BaP  1,6-quinone,  BaP  3,6-quinone,  BaP  6 , 12-quinone ,  9-hydroxy 
BaP  (9-OH  BaP),  7-hydroxy  BaP  (7-OH  BaP),  1-hydroxy  BaP  (1-OH  BaP),  and 
3-hydroxy  BaP  (3-OH  BaP).  The  BaP  (structure  shown)  substrate  peak  was 
eluted  last.  A  5-hydroxy  BaP  (5-OH  BaP)  synthetic  standard  was  found 
to  coelute  with  the  BaP  6 , 12-quinone. 

There  are  obvious  similarities  and  differences  in  the  metabolite 
profiles  obtained  from  the  metabolism  of  6-MBaP  and  BaP  (Figs.  2  and  3). 
Both  substrates  are  metabolized  to  three  diol  metabolites  (4,5-,  7,8-, 
and  9 , 10-diols)  which  differ  in  their  elution  order  and  retention  times. 


Fig.  2.  Reversed-phase  HPLC  profile  of  6-MBaP  metabolites  formed 
from  3-MC-microsomes.  Metabolites  were  eluted  from  a  Vydec  C^g 
HPLC  column  with  a  35-minute  linear  gradient  of  50  to  100%  methanol 
in  water  at  a  flow  rate  of  1  ml/minute.  The  dashed  lines  indicate 
the  retention  times  of  two  6-MBaP  metabolites  formed  when  other 
microsomal  enzyme  preparations  were  used.  See  text  for  dis¬ 
cussion.  Ultraviolet-visible  absorption  spectral  analysis  of 
the  left  side  of  OH  6-MBaP  Peak  II  provided  evidence  that  it 
contained  the  6-MBaP  1-phenol  metabolite  of  6-MBaP  ( 1-OH  6-MBaP, 
indicated  by  the  arrow). 
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Fig.  3.  Reversed-phase  HPLC  profile  of  BaP  metabolites  formed 
from  3-MC-microsomes .  Separation  conditions  were  identical  to 
those  used  for  6-MBaP  metabolite  separation  as  described  in 
Fig.  2. 
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Fig.  4.  Axis  A.  The  profile  of  metabolites  formed  from  the  metab¬ 
olism  of  [^H]6-MBaP  by  3-MC-micro somes  after  correction  for  back¬ 
ground  radioactivity.  Axis  B.  Corresponding  zero-time  incubation 
blank  after  correction  for  background  radioactivity.  Similar 
results  were  obtained  upon  analysis  of  the  10-minute  incubation 
blank.  Relevant  procedures  are  described  in  "Materials  and 
Methods."  Reversed-phase  chromatographic  conditions  were  iden¬ 
tical  to  those  described  in  Fig.  2. 
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Fig.  5.  Axis  A.  The  profile  of  metabolites  formed  from  the 
metabolism  of  [3H]6-MBaP  by  PB-microsomes  after  correction  for 
background  radioactivity.  Axis  B.  Corresponding  zero-time  incu¬ 
bation  blank  after  correction  for  background  radioactivity.  Sim¬ 
ilar  results  were  obtained  upon  analysis  of  the  10-minute  incu¬ 
bation  blank.  Relevant  procedures  are  described  in  "Materials 
and  Methods."  Reversed-phase  chromatographic  conditions  were  iden¬ 
tical  to  those  described  in  Fig.  2. 
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In  a  previous  study  conducted  in  this  laboratory  (153),  a  two-step  pro¬ 
cess  using  both  reversed-  and  normal-phase  HPLC  was  necessary  to  achieve 
separation  of  the  6-MBaP  7,8-  and  9,10-diols.  However,  in  this  study, 
a  one-step  baseline  separation  of  the  two  diols  was  achieved  (as  shown 
in  Fig.  2)  when  a  small-volume  amount  of  material  was  applied  to  the 
Vydec  C^g  HPLC  column.  This  column  contains  smaller  particle  size 
packing  material  (5  micron)  than  did  the  column  used  in  the  earlier 
investigation  (pBondapak  (Waters)  Cjg  column  with  10  micron  particle 
size).  As  a  result  of  the  decrease  in  particle  size,  the  Vydec  column 
had  about  five  times  the  number  of  theoretical  plates  calculated  for  the 
pBondapak  column. 

Monohydroxylation  at  various  positions  of  6-MBaP  and  BaP  resulted 
in  a  number  of  phenolic  metabolites.  Although  resolution  of  OH  6-MBaP 
Peak  II  is  poor ,  and  attempts  to  resolve  the  peak  more  effectively  were 
never  successful,  UV  absorption  spectral  analysis  indicated  that  one 
component  of  the  peak  is  1-OH  6-MBaP  (Fig.  6),  while  3-0H  and  9-OH 
6-MBaP  are  thought  to  be  the  other  predominant  components.  An  effective 
separation  of  BaP  1-,  3-,  5-,  and  7-phenols  was  obtained  using  the 
Vydec  Cjg  column  (Fig.  3).  This  is  a  considerable  improvement  over  the 
one-step  separation  of  these  compounds  reported  previously  (17,26,33) 
wherein  the  1-,  3-,  5-,  and  7-phenols  coeluted  in  a  single  peak. 

Due  to  hydroxylation  of  the  methyl  group,  a  set  of  metabolites 
unique  to  the  metabolism  of  6-MBaP  was  formed  (compare  Figs.  2  and  3). 
These  metabolites  include  6-OHMBaP  and  the  1-  and  3-phenols  of  6-OHMBaP. 

Quinones  were  not  detected  as  metabolites  of  6-MBaP.  Unlike  BaP, 
the  methyl  group  of  6-MBaP  appears  to  block  the  formation  of  1,6-,  3,6,- 
and  6 , 12-quinones  which  appear  in  the  BaP  metabolite  profile. 


Identification  of  6-MBaP  Metabolites 


6-MBaP  metabolites  were  characterized  by  several  techniques 
including  UV  absorption  spectral  analysis,  mass  spectral  analysis,  and 
nuclear  magnetic  resonance  spectral  analysis  (NMR). 

UV  absorption  spectral  analysis.  Tentative  identification  of 
certain  metabolites  (the  three  6-MBaP  diols,  the  6-OHMBaP  1-  and  3- 
phenols,  and  the  6-MBaP  1-  and  12-phenols)  by  UV  absorption  spectral 
analysis  was  made  possible  by  their  structural  similarities  to  the 
corresponding  BaP  metabolite  or  synthetic  standards.  The  absorption 
spectra  of  6-MBaP  metabolites  dissolved  in  methanol  were  obtained  as 
described  in  "Materials  and  Methods"  and  were  compared  with  the 
analagous  BaP  standards  as  shown  in  Figs.  6-12.  Absolute  structures 
for  the  predominant  enantiomers  of  the  6-MBaP  and  BaP  diol  metabolites 
and  the  structures  for  other  6-MBaP  and  BaP  metabolites  are  also  given 
in  Figs.  6-12. 

It  can  be  seen  that  the  UV  absorption  spectra  for  6-MBaP  metabo¬ 
lites  and  corresponding  BaP  standards  are  virtually  identical  except 
for  a  slight  bathochromic  shift  of  1-5  nm  in  the  6-MBaP  metabolite 
spectra.  Tentative  identification  of  the  6-OHMBaP  metabolite  of  6-MBaP 
was  made  by  comparing  the  UV  absorption  spectrum  of  the  metabolite  to 
that  of  a  synthetic  6-OHMBaP  standard.  Confirmation  of  the  structure 
of  6-OHMBaP  was  obtained  by  mass  spectral  analysis  of  the  metabolite. 

In  the  presence  of  alkali,  aromatic  phenols  show  a  characteristic 
bathochromic  shift  in  their  UV  absorption  spectra  due  to  resonance 
stabilization  of  the  phenoxide  anion  (154).  Methanolic  solutions  of  the 
metabolites  tentatively  identified  as  the  6-OHMBaP  1-  and  3-phenols, 
and  the  6-MBaP  1-phenol,  showed  this  red  shift  upon  the  addition  of 


Fig,  6,  The  ultraviolet-visible  absorption  spectra  of  1-OH 

6-OHMBaP  (a  metabolite  of  6-MBaP  and  6-OHMBaP)  in  methanol 
or  in  the  presence  of  alkali  (————)  are  compared  with 
those  of  1-OH  BaP  (a  synthetic  standard)  in  methanol  (—•  —  •—) 
or  in  the  presence  of  alkali  (—•—•••)•  The  spectra  for  a 
metabolite  of  6-MBaP  tentatively  identified  as  1-OH  6-MBaP  in 

methanol  ( . )  and  in  the  presence  of  alkali  are  also  shown 

(«.,«  »  »  •■•) .  See  text  for  discussion. 
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Fig.  7.  Ultraviolet-visible  absorption  spectra  of  6-MBaP  trans- 
4 ,5-dihydrodiol  (a  metabolite  of  6-MBaP;  solid  line)  and  BaP 
trans-4 , 5-dihydrodiol  (a  metabolite  standard;  dashed  line).  The 
major  enantiomers  of  the  6-MBaP  and  the  BaP  trans-4 ,5-dihydro- 
diol  metabolites  formed  stereoselectively  from  the  jLn  vitro 
metabolism  of  6-MBaP  or  BaP  by  rat  liver  microsomes  have  [4R,5R] 
absolute  stereochemistry,  as  indicated  by  the  structures  shown. 
Substituents  attached  by  triangle  bonds  ( f  )  are  oriented  towards 
the  viewer,  while  substituents  attached  by  dashed  bonds  (“ )  are 
oriented  away  from  the  viewer. 
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Fig.  8.  Ultraviolet-visible  absorption  spectra  of  6-MBaP  trans- 
7 ,8-dihydrodiol  (a  metabolite  of  6-MBaP;  solid  line)  and  BaP 
trans-7 ,8-dihydrodiol  (a  metabolite  standard;  dashed  line).  The 
major  enantiomers  of  the  6-MBaP  and  the  BaP  trans-7 , 8-dihydro- 
diol  metabolites  formed  stereoselectively  from  the  in  vitro 
metabolism  of  6-MBaP  or  BaP  by  rat  liver  microsomes  have  [7R,8R] 
absolute  stereochemistry,  as  indicated  by  the  structures  shown. 
Substituents  attached  by  triangle  bonds  (  |  )  are  oriented  towards 
the  viewer,  while  substituents  attached  by  dashed  bonds  (“)  are 
oriented  away  from  the  viewer. 
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Fig.  9.  Ultraviolet-visible  absorption  spectra  of  6-MBaP  trans- 
9 , 10-dihydrodiol  (a  metabolite  of  6-MBaP;  solid  line)  and  BaP 
trans-9 , 10-dihydrodiol  (a  metabolite  standard;  dashed  line).  The 
major  enantiomers  of  the  6-MBaP  and  the  BaP  transj-9 , 10-dihydro- 

;j 

diol  metabolites  formed  stereoselectively  from  the  in  vitro 
metabolism  of  6-MBaP  or  BaP  by  rat  liver  microsomes  have  [9R,10R] 
absolute  stereochemistry,  as  indicated  by  the  structures  shown. 
Substituents  attached  by  triangle  bonds  ( J  )  are  oriented  towards 
the  viewer,  while  substituents  attached  by  dashed  bonds  (^*)  are 
oriented  away  from  the  viewer. 
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Fig.  10. 
6-OHMBaP 
( - .) 


The  ultraviolet-visible  absorption  spectra  of  3-OH 
(a  metabolite  of  6-MBaP  and  6-OHMBaP)  in  methanol 
and  in  the  presence  of  alkali  (—  —  —  —  )  are  compared 


with  those  of  3-OH  BaP  (a  synthetic  standard)  in 
( - )  and  in  the  presence  of  alkali  (• . •)• 


methanol 
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Fig.  11.  Ultraviolet-visible  absorption  spectra  of  4-OH  and  5-OH 
BaP  (synthetic  standards)  in  methanol  (4-OH  BaP ,——•••  ;  5-OH  BaP, 

- )  and  in  the  presence  of  alkali  (4-OH  BaP ,  •  *  «  •  •  ;  5-OH  BaP, 

— - )  are  compared  with  those  of  a  compound  tentatively  identi¬ 

fied  as  a  monohydroxy  metabolite  of  6-MBaP  formed  by  PB-microsomes 
(OH  6-MBaP  Peak  I  in  methanol,  ■»■■  ■■  ,  and  in  the  presence  of 
>). 


alkali , 
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WAVELENGTH,  nm 


Fig.  12.  Ultraviolet-visible  absorption  spectra  of  12-OH  6-MBaP 
(a  metabolite  of  6-MBaP  formed  by  PB-  and  control  microsomes; 
solid  line)  and  12-OH  BaP  (a  synthetic  standard;  dashed  line). 
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0.1  N  NaOH,  as  did  their  corresponding  BaP  metabolite  standards  (Figs. 

6  and  10).  In  the  presence  of  alkali,  the  UV  absorption  spectrum  of  the 
metabolite  of  6-MBaP  labelled  OH  6-MBaP  Peak  I  in  Fig.  2  also  displayed 
a  bathochromic  shift,  which  indicated  that  it  was  a  phenol  (Fig.  11). 

The  compound’s  chromatographic  properties  on  the  Vydec  C\q  column 
(Fig.  2)  more  closely  resembled  those  of  the  6-MBaP  phenol  metabolites 
than  those  of  the  relatively  more  polar  6-OHMBaP  phenol  metabolites. 
However,  because  the  UV  absorption  spectrum  of  OH  6-MBaP  Peak  I  in 
methanol  resembled  those  of  both  4-OH  BaP  and  5-OH  BaP  (Fig.  11),  a  more 
complete  tentative  identification  was  not  possible.  The  compound  is  a 
relatively  minor  metabolite  of  6-MBaP  detected  only  when  PB-microsomes 
were  used. 

Mass  spectral  analysis.  The  identities  tentatively  conferred  on 
the  metabolites  of  6-MBaP  by  UV  absorption  spectral  analysis  were  con¬ 
firmed  by  mass  spectral  analysis  of  the  metabolites  as  described  in 
"Materials  and  Methods." 

Molecular  weights  of  the  three  6-MBaP  diol  metabolites  (Figs.  13- 
15)  were  confirmed  by  mass  ions  at  m/z  300  and  characteristic  fragment 
ions  at  m/z  282  (loss  of  H2O) ,  267  (loss  of  H20  and  CH3) ,  264  (loss  of 
2H20) ,  252  (loss  of  two  OH  groups  and  CH2) ,  250  (loss  of  H20,  OH,  and 
CH3) ,  and  at  239  and  226  (breakup  of  ring  structure). 

6-OHMBaP ,  with  mass  ion  at  m/z  282,  gave  fragment  ions  at  m/z 
265,  253,  252,  and  251  indicating  fragmentation  of  the  hydroxymethyl  group 

(Fig.  16). 

Due  to  the  lability  of  the  6-0HMBaP  1-  and  3-phenols,  diacetate 
derivatives  were  made  of  these  two  metabolites  in  an  effort  to  increase 
their  stability.  Details  of  the  preparation  of  these  diacetates  and 


Fig.  13.  Mass  spectrum  of  the  trans-4 ,5-dihydrodiol  metabolite  of 
6-MBaP.  The  mass  ion  is  indicated  as  (M+)  and  characteristic  ion 
fragments  are  labelled.  The  [4R,5R]  absolute  stereochemistry  of 
the  major  enantiomer  of  the  diol  is  indicated  by  the  structure 


shown. 
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Fig.  14.  Mass  spectrum  of  the  trans-7 , 8-dihydrodiol  metabolite  of 


6-MBaP.  The  mass  ion  is  indicated  as  (M+)  and  characteristic  ion 
fragments  are  labelled.  The  [7R,8R]  absolute  stereochemistry  of 
the  major  enantiomer  of  the  diol  is  indicated  by  the  structure 


s  hown . 
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Fig.  15. 


Mass  spectrum  of  the  trans-9 , 10-dihydrodiol  metabolite 


of  6-MBaP.  The  mass  ion  is  indicated  as  (M+)  and  characteristic 
ion  fragments  are  labelled.  The  [9R,10R]  absolute  stereochemistry 
of  the  major  enantiomer  of  the  diol  is  indicated  by  the  structure 


shown. 


Fig.  16.  Mass  spectrum  of  the  6-OHMBaP  metabolite  of  6-MBaP.  The 
mass  ion  is  indicated  as  (M+)  and  characteristic  ion  fragments  are 


labelled 
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Fig.  17.  Mass  spectrum  of  1-OH  6-OHMBaP  (a  metabolite  of  both 
6-MBaP  and  6-OHMBaP)  as  a  diacetate.  The  mass  ion  is  indicated 
as  (M+)  and  characteristic  ion  fragments  are  labelled.  The 
structure  of  1-OH  6-OHMBaP  before  and  after  derivatization  is 
shown.  DMAP  is  the  abbreviation  for  dimethylaminopyridine • 
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Fig.  18.  Mass  spectrum  of  3-OH  6-OHMBaP  (a  metabolite  of  both 
6-MBaP  and  6-OHMBaP)  as  a  diacetate.  The  mass  ion  is  indicated 
as  (M+)  and  characteristic  ion  fragments  are  labelled.  The 
structure  of  3-OH  6-OHMBaP  before  and  after  derivatization  is 
shown.  DMAP  is  the  abbreviation  for  dimethylaminopyridine . 


pyridine 


their  structures  appear  in  "Materials  and  Methods"  and  Figs.  17  and  18 
respectively.  Conversion  of  either  the  1-  or  3-hydroxy  group  of  the 
6-OHMBaP  1-  and  3-phenols  to  an  acetate  destroys  the  phenolic  character 
of  the  molecule;  therefore,  the  UV  absorption  spectra  of  both  the  diace¬ 
tates  of  the  6-OHMBaP  1-  and  3-phenols  were  similar  to  that  of  6-OHMBaP 
as  anticipated.  Mass  spectral  analysis  (Figs.  17  and  18)  confirmed  the 
structures  of  the  two  diacetates  with  mass  ions  at  m/z  382  and  ion  frag¬ 
ments  at  340  and  281,  indicative  of  the  loss  of  CH2CO  and  the  loss  of 
CH2CO  and  CH3COO  respectively. 

A  predominant  mass  ion  at  m/z  282  confirmed  the  molecular  weight 
of  the  6-MBaP  12-phenol  metabolite  (Fig.  20).  Characteristic  ion  frag¬ 
ments  appeared  at  m/z  265  (loss  of  OH),  267  (loss  of  CH3),  250  (loss  of 
OH  and  CH3) ,  and  252  (loss  of  CH2O).  Analysis  of  the  mixture  of  6-MBaP 
phenols  (OH  6-MBaP  Peak  II)  showed  the  same  mass  ion  and  a  similar  frag¬ 
mentation  pattern  (Fig.  19).  This  evidence  supported  the  UV  absorption 
spectral  data  which  indicated  that  one  of  the  components  of  the  6-MBaP 
phenol  metabolite  mixture  obtained  with  3-MC-microsomes  was  the  6-MBaP 
1-phenol.  Mass  spectral  analysis  of  OH  6-MBaP  Peak  I  was  unsuccessful 
due  to  the  lability  of  the  metabolite.  Attempts  to  form  an  acetate 
derivative  of  the  compound  were  also  unsuccessful. 

Geometry  and  Conformation  of  the  6-MBaP  Diol  Hydroxyl  Groups 

NMR  spectral  analysis  was  used  to  definitively  establish  the  geo¬ 
metry  and  conformation  of  the  hydroxyl  groups  of  the  three  6-MBaP  diols. 
The  proton  assignments  are  as  follows: 

6-MBaP  trans-4,5-diol  (acetone-dg  with  trace  of  D2O) :  5.20  (d, 

H4)  and  5.72  ppm  (d,  H5);  J4}5  =  3.0  Hz. 

6-MBaP  trans-7 ,8-diol  (acetone-d^  with  trace  of  D2O) :  5.40 


Fig.  19.  Mass  spectrum  of  monohydroxy  metabolites  of  6-MBaP 
(OH  6-MBaP  Peak  II).  The  mass  ion  is  indicated  as  (M+)  and 
characteristic  ion  fragments  are  labelled.  See  text  for  dis¬ 
cussion. 
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Fig.  20.  Mass  spectrum  of  the  12-OH  metabolite  of  6-MBaP .  The 
mass  ion  is  indicated  as  (M+)  and  characteristic  ion  fragments 


are  labelled 
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(app.  s,  H7),  4.49  (app.  d,  H8) ,  6.49  (dd,  H9)  ,  and  7.79  ppm  (d,  H10); 
^7,8  =  1*7,  J8>9  =  5.5,  and  J9>io  =  9. 9  Hz. 

6-MBaP  trans-9 , 10-dihydrodiol  (acetone-d8  with  trace  of  B20) : 

4.49  (app.  d,  H9) ,  5.70  (app.  s,  H10),  7.38  (d,  H7) ,  and  6.54  ppm  (dd, 
h8>;  j9,10  =  2.0  Hz,  J7>8  =  9.9,  and  J8j9  =  5.5  Hz. 

The  small  coupling  constants  14^5  =  3.0  Hz,  J7>8  =  1.7  Hz,  and 
J9,10  "  2.0  Hz  for  the  6-MBaP  trans-4,5-,  7,8-,  and  9,10-diols  respec¬ 
tively  indicate  that  the  hydroxyl  groups  of  these  three  diols  are  in  the 
trans  configuration  and  quasi-diaxial  conformation  (137,138,157). 

Both  the  6— MBaP  7,8—  and  9,10— diols  have  a  J8j9  coupling  constant 
of  5.5  Hz  which  further  supports  their  quasi-diaxial  conformational 
assignments. 

Comparison  of  the  conformations  of  the  6-MBaP  and  BaP  trans  diols 
yields  similarities  and  striking  differences.  The  hydroxyls  of  both  the 
6-MBaP  and  BaP  trans  9,10-diols  preferentially  adopt  the  quasi-diaxial 
(AA)  conformation  due  to  their  locations  in  the  sterically  hindered  bay 
regions  of  their  respective  parent  hydrocarbons. 

However,  while  the  BaP  trans-4,5-  and  7,8-diols  preferentially 
adopt  the  quasi-diequatorial  (EE)  conformation,  it  appears  that  the 
presence  of  the  methyl  group  at  position  six  sterically  forces  the 
hydroxyl  groups  of  the  6-MBaP  4,5-  and  7,8-diols  to  preferentially  adopt 
the  AA  conformation  (see  Table  1). 

Quantitative  Comparison  of  the  Metabolism  of  6— MBaP  and  BaP  by  3— MC— , 

PB— ,  and  Control  Liver  Microsomes 

A  series  of  experiments  was  carried  out  in  order  to  quantita¬ 
tively  compare  the  effects  of  the  six  methyl  group  on  the  metabolism  of 
6-MBaP  and  BaP  and  to  determine  any  differences  in  the  regioselectiv- 


TABLE  1 


Substrate 


6-MBaP 


BaP 


Conformational  Preferences  of  6-MBaP  and  BaP  Trans  Dihydrodiola 


4 , 5-dihydrodiol  7  >  8-dihydrodiol _ 9 , lO-dihydrodiol 


Conf  ormat  ion^*b 


AA  AA  AA 


EE  EE  AA 


a  AA  is  the  abbreviation  for  quasi-di axial, 
b  EE  is  the  abbreviation  for  quasi-diequatorial 


ities  of  the  metabolic  enzymes  towards  the  metabolism  of  these  two  sub¬ 


strates. 


Rate  of  metabolite  formation.  Either  [3h] 6-MBaP  or  [l^C]BaP  was 
incubated  with  3-MC-,  PB- ,  or  control  rat  liver  microsomes  as  described 
in  Materials  and  Methods."  All  microsomal  suspensions  were  frozen 
until  use,  however  metabolism  studies  were  performed  within  two  weeks 
after  microsomes  were  prepared  since  certain  forms  of  cytochrome  P-450 
are  known  to  be  less  stable  than  others  over  time  under  certain  storage 
conditions  (155).  For  purposes  of  comparison,  the  same  preparation  of 
each  type  of  microsome  was  used  to  study  the  metabolism  of  [^H]6-MBaP  or 
[ 14C]BaP. 

The  rates  of  BaP  and  6-MBaP  metabolite  formation  (expressed  in 
pmoles  of  product  per  nmol  cytochrome  P-450  per  minute)  with  each  of 
the  three  microsomal  preparations  are  shown  in  Tables  2  and  3.  Each 
value  shown  represents  the  mean  of  two  separate  incubations.  The  rates 
of  formation  of  all  the  metabolites  listed  in  Tables  2  and  3  were  linear 
with  respect  to  time  and  the  amounts  of  microsomal  protein  used. 

HPLC  and  quantitative  analysis  of  the  6-MBaP  zero-time  and  10- 
minute  incubation  blanks  prepared  with  heat  killed  microsomes  revealed 
a  radioactive  peak  with  the  same  retention  time  as  the  6-OHMBaP  metab¬ 
olite  of  6-MBaP  (see  Figs.  4  and  5).  Although  this  peak  represented 
only  about  10%  of  the  rate  of  formation  of  6-OHMBaP  when  active  PB- 
or  control  microsomes  were  used,  it  was  found  to  be  about  50%  of  the 
rate  of  6-OHMBaP  formation  when  active  3-MC-microsomes  were  incorporated 
in  the  incubation  mixture.  When  the  blank  values  were  subtracted  from 
the  values  obtained  with  active  microsomal  preparations,  the  values  for 
the  specific  activity  of  6-OHMBaP  formation  with  3-MC-,  PB- ,  or  control 


TABLE  2 


Metabolism  of  [%]  6-MBaP  by  rat  liver  mlcrosomes 

Eighty  nmol  of  [^H) 6-MBaP  (specific  activity,  62  mCi/mmol)  were  Incubated  with 
mlcrosomes  obtained  from  untreated  rats  and  rats  pre treated  with  PB  or  3-MC,  as 
described  in  "Materials  and  Methods."  After  incubation,  6-MBaP  and  its 
metabolites  were  prepared  and  analyzed  by  HPLC. 


Specific  Activity*  (pmol  of  product/nmol  cytochrome  P-450/min) 


Mlcrosomes 

Metabolite 

3-MC 

PB 

Control 

4,5-diol 

86 

55 

18 

[5]b 

[29  J 

[15] 

7,8-diol 

172 

5 

8 

[10] 

[31 

[71 

9,10-diol 

121 

4 

6 

[7] 

[2] 

[51 

1-OH 

6~0HMBaP 

103 

3 

<0.5 

[6] 

[2] 

[0] 

3-OH 

6-OHMaP 

32 

4 

<0.5 

[2] 

[21 

[0] 

6— OHMBaP 

48 

58 

41 

[2] 

[31] 

[341 

12-OH 

6-MBaP 

ND0 

30 

[16] 

22 

[18] 

OH  6-MBaP 

Peak  Id 

ND 

16 

[81 

ND 

OH  6-MBaP 

1203 

14 

26 

Peak  IIe 

[681 

[71 

[211 

Total 

1765 

189 

122 

Z  substrate 

metabolized 

6 

3 

i.z 

a  Each  value 

represents  the  mean  of 

two  separate  incubations 

and  is  based  on  the 

total  radioactivity  in  identified  metabolite  fractions, 
b  Numbers  in  brackets  indicate  percentage  of  all  metabolites. 


c  ND,  not  detected. 

d  Tentatively  identified  by  UV  absorption  spectral  analysis  as  a  monohydroxy lated 
metabolite  of  6-MBaP.  See  text  for  discussion, 
e  Mixture  of  monohydroxylated  metabolites  of  6— MBaP.  One  component  has  been  ten¬ 
tatively  identified  as  1-OH  6-MBaP.  Other  components  are  thought  to  be  3-OH  and 
9-OH  6-MBaP. 


TABLE  3 


Metabolism  of  [^CjBaP  by  rat  liver  microsomes 

Eighty  nmol  of  [l^CjBaP  (specific  activity,  26  mCi/tmaol)  were  incubated  with 
microsomes  obtained  from  untreated  rats  and  rats  pretreated  with  PB  or  3-MC, 
as  described  in  “Materials  and  Methods",  After  incubation,  BaP  and  its  meta¬ 
bolites  were  prepared  and  analysed  by  HPLC. 


Specific  Activity*  (pmol  of  product/nmol  cytochrome  P-450/min) 


Microsomes 

Metabolite 

3-MC 

PB 

Control 

4,5— diol 

3X5 

244 

149 

[6]b 

[24] 

[11] 

7 ,8-diol 

680 

30 

45 

113] 

[3] 

[3] 

9 ,10-diol 

865 

101 

150 

[17] 

[10] 

[12] 

1 , 6-quinone 

339 

111 

132 

[7] 

[11] 

[10] 

3 , 6-quinone 

383 

125 

155 

[7] 

[13] 

[12] 

6,12-quinone 

184 

77 

106 

[4] 

[8] 

[8] 

9 -OH  BaP 

230 

20 

27 

[5] 

[2] 

[2] 

7 -OH  BaP 

51 

6 

8 

[11 

[11 

[1] 

1-OH  BaP 

593 

124 

206 

[111 

[12] 

[16]  ' 

3-OH  BaP 

1502 

157 

321 

[29] 

[16] 

[25] 

Total 

5142 

995 

1299 

Z  substrate 

metabolized 

11 

8 

4 

a  Each  value  represents  the  mean  of  two  separate  incubations  and  is  based  on  the 


total  radioactivity  in  identified  metabolite  fractions, 
b  Numbers  in  brackets  indicate  percentage  of  all  metabolites. 


microsomes  were  found  to  be  those  shown  in  Table  2.  Similar  analysis  of 
zero-time  and  10-minute  BaP  incubation  blanks  indicated  a  small  radio¬ 
active  peak  with  the  same  retention  time  as  the  9-phenol  metabolite  of 
BaP.  The  peak  represented  up  to  20%  of  the  rate  of  formation  of  the 
metabolite  depending  on  the  type  of  microsome  used.  The  specific  activ¬ 
ities  for  9— OH  BaP  formation  after  subtraction  of  the  blank  value  are 
shown  in  Table  3. 

It  appears  (Tables  2  and  3)  that  the  presence  of  the  six  methyl 
group  resulted  in  a  dramatic  decrease  in  the  overall  rate  of  6-MBaP 
metabolite  formation  compared  with  that  of  BaP  metabolite  formation  by 
about  66,  81,  or  91%  with  3— MC— ,  PB— ,  and  control  microsomes  respec¬ 
tively.  Under  identical  incubation  conditions,  a  lower  percentage  of 
6— MBaP  was  metabolized  than  was  BaP  with  any  microsmal  preparation. 

A  four-fold  induction  was  seen  in  the  overall  catalytic  activity 
of  3-MC-microsomes  compared  to  control  microsomes  when  BaP  was  metabo¬ 
lized  (Tables  2  and  3).  However,  a  14. 5-fold  induction  over  control 
levels  due  to  3-MC-pretreatment  was  observed  when  6-MBaP  was  the  sub¬ 
strate.  PB-pretreatment  also  induced  the  rate  of  formation  of  6-MBaP 
metabolites  1.6  times;  however,  a  slight  decline  in  activity  compared 
to  control  was  observed  when  BaP  was  metabolized  by  PB-microsomes . 

Comparison  of  BaP  metabolism  to  total  diol,  quinone,  and  phenol 
metabolites  and  of  6-MBaP  to  total  diol,  total  phenol,  and  total  metab¬ 
olites  with  a  6-hydroxymethyl  moiety  shows  a  similar  relative  distri¬ 
bution  of  metabolites  in  these  categories  with  3-MC-,  PB- ,  and  control 
microsomes  (Table  4).  Phenols  of  the  parent  hydrocarbon  were  the  pre¬ 
dominant  metabolites  formed  with  3-MC-  and  control  microsomes;  however, 
slightly  higher  rates  of  formation  were  shown  for  6-MBaP  and  BaP  diols , 
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TABLE  4 

Comparison  of  the  Metabolism  of  [3H] 6-MBaP  and  [14C]BaP  to  Particular  Types 

of  Metabolites 


Specific  Activity3  (pmol  product /nmol  cytochrome  P-450/minute) 


Substrate  and 

Metabolite  Type 

Microsomes 

3-MC 

PB 

Control 

BaP 

Total 

diols 

1860  (36)t> 

375  (37) 

344  (26) 

Total 

quinones 

906  (18) 

313  (32) 

393  (30) 

Total 

phenols 

2376  (A6) 

307  (31) 

562  (44) 

6-MBaP 

Total 

diols 

379  (22) 

64  (34) 

32  (27) 

Totalc 
metabolites 
with  6-hydroxy- 
methyl  moiety 

183  (10) 

65  (35) 

42  (34) 

Total 

6-MBaP 

phenols 

1203  (68) 

60  (31) 

48  (39) 

a  Total  rate  of  formation  of  metabolites  in  each  category, 
b  Numbers  in  parenthesis  indicate  total  percentage  of  all  metabolites, 
c  Taken  as  analogous  to  BaP  quinone  formation  since  the  6-position  methyl  group 
of  6-MBaP  blocks  quinone  formation  but  is  itself  metabolized. 


BaP  quinones ,  and  6-OHMBaP  and  its  derivatives  when  PB-microsomes  were 
used. 

No  convincing  evidence  could  be  obtained  by  UV  absorption  spec¬ 
tral  analysis  in  the  present  study  to  indicate  that  the  5-phenol  is  a 
metabolite  of  BaP,  and  it  has  not  been  reported  elsewhere  to  be  a  metab- 
olite  of  BaP  when  rat  liver  micro somes  were  used  as  the  source  of 
enzymes  (see  elution  position  of  BaP  5-phenol  standard  shown  in  Fig.  3). 

In  performance  of  these  quantitative  studies,  it  was  not  possible 
to  achieve  a  baseline  separation  of  the  6-MBaP  7,8-  and  9,10-diols  due 
to  the  relatively  large  volume  of  organic  solvent  needed  to  dissolve 
6-MBaP  and  its  metabolites  for  HPLC  analysis.  Therefore,  an  aliquot  of 
the  same  metabolite  mixture  used  for  HPLC  analysis  of  the  other  6-MBaP 
metabolites  was  prepared  as  described  previously  and  the  6-MBaP  diol 
metabolites  were  separated  using  isocratic  conditions  as  described  in 
"Materials  and  Methods."  A  chromatogram  of  the  6-MBaP  4,5-,  7,8-,  and 
9,10-diols  formed  by  3-MC-microsomes  appears  in  Fig.  21.  The  rates  of 
formation  of  the  diol  metabolites  isolated  by  this  procedure  are  those 
given  in  Table  2. 

Although  the  4,5-,  7,8-,  and  9,10-diols  are  relatively  major 
metabolites  of  BaP  when  3-MC-,  PB-,  and  control  microsomes  are  used  and 
of  6-MBaP  when  3-MC-microsomes  are  used,  metabolism  of  6-MBaP  by  PB- 
or  control  microsomes  results  in  barely  detectable  levels  of  7,8-  and 
9,10-diols  although  the  6-MBaP  4,5-diol  is  formed  in  more  substantial 
amounts  with  these  microsomes  (Tables  2  and  3). 

The  ratios  of  the  rates  of  BaP  and  6-MBaP  diol  metabolite  for¬ 
mation  by  the  three  microsomal  preparations  are  given  in  Table  5.  The 
extent  of  BaP  7,8-diol  formation  with  3-MC-,  PB-,  and  control  microsomes 


Fig.  21.  Separation  of  6-MBaP  dihydrodiol  metabolites  obtained 
when  a  mixture  of  [^H]  6-MBaP  metabolites  was  applied  to  a  Vydec 
C^g  column  and  eluted  with  50%  methanol  in  water  at  a  flow  rate 
of  1  ml/minute.  These  conditions  were  used  to  quantify  the  6-MBaP 
dihydrodiols .  See  text  for  discussion. 
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TABLE  5 


Ratios  of  the  Rates  of  BaP  and  6-MBaP  Dlhydrodiol  Formation 

BaP  Dlhydrodiol/ 6-MBaP  Dihydrodiola 


Mlcrosome_ Dlhydrodiol  Metabolite 


4,5-diol 

7,8-diol 

9,10-diol 

Control 

8.3 

5.6 

25 

PB 

4.4 

6 

25.3 

3-MC 

3.7  ' 

4 

7.2 

a  Ratio  of  specific  activities 


respectively  was  4,  6,  and  5.6  times  higher  than  that  of  the  6-MBaP  7,8- 
diol.  Similar  ratios  were  obtained  when  the  BaP  and  6-MBaP  4,5-diols 
were  compared.  Far  greater  differences  in  the  extent  of  6-MBaP  9,10- 
diol  formation  with  PB—  and  control  microsomes  were  observed. 

Positional  selectivity  of  microsomal  enzymes.  Differences  in 
regioselectivity  towards  the  metabolism  of  both  6-MBaP  and  BaP  were 
noted  in  many  instances  with  the  three  microsomal  preparations  used. 
3-MC-microsomes  favored  formation  of  the  BaP  and  6-MBaP  9,10-  and 
7,8-diols,  while  PB-  and  control  microsomes  favored  the  formation  of  the 
4,5-diols  of  both  substrates  (Tables  2  and  3). 

12-Hydroxy  6-MBaP  and  OH  6-MBaP  Peak  I  which  were  detected  as 
metabolites  of  6-MBaP  were  not  found  to  be  metabolites  of  BaP. 
Differences  in  positional  selectivity  shown  by  the  various  microsomes 
towards  the  formation  of  the  BaP  9-  and  3-phenols  were  observed  in  this 
study  (as  they  had  been  by  previous  investigators).  Since  the  BaP  1- 
phenol  was  separable  from  the  other  BaP  phenol  metabolites  by  the 
Vydec  HPLC  column,  it  was  also  possible  to  note  differences  in  the 
reigoselectivities  of  the  three  microsomal  preparations  towards  the 
formation  of  this  phenol  (Tables  2  and  3). 

6-OHMBaP,  a  minor  metabolite  of  6-MBaP  when  3-MC-microsomes  were 
used  was  the  predominant  single  metabolite  formed  by  PB-  and  control 
microsomes  (Table  2).  Although  significant  amounts  of  the  6-0HMBaP 
1-  and  3-phenols  were  obtained  with  3-MC-microsomes,  their  formation 
was  virtually  absent  when  PB-  and  control  microsomes  were  used. 

Stereoselectivity  of  Microsomal  Enzymes 


The  spectra  obtained  by  circular  dichroism  (CD)  analysis  of 


purified  6-MBaP  trans-4 , 5— ,  7,8-,  and  9,10-diol  metabolites  formed  by 
3-MC-microsomes  appear  in  Figs.  22-24  along  with  the  spectra  of  the 
corresponding  BaP  diol  metabolites.  Spectra  of  individual  diol  metab¬ 
olites  of  6— MBaP  or  BaP  formed  by  PB—  or  control  microsomes 
were  virtually  identical  in  shape  and  sign  to  the  spectra  recorded  for 
a  particular  6-MBaP  or  BaP  diol  obtained  by  the  metabolism  of  either 
substrate  with  3-MC-microsomes.  A  comparison  of  the  spectral  properties 
of  the  BaP  and  6-MBaP  trans  diols  appears  in  Table  6.  These  data 
indicate  that  the  6— MBaP  diols  metabolically  formed  by  the  various 
microsomal  preparations  are  all  optically  active.  Therefore,  like  BaP, 
6-MBaP  is  stereoselectively  metabolized  to  trans-4, 5-,  7,8-,  and  9,10- 
diol  metabolites  whose  predominant  enantiomers  are  characterized  by 
strong  (-)  Cotton  effects  (for  values  and  wavelengths  see  Table  6).  The 
optical  purity  of  the  6-MBaP  diol  metabolites  and  the  sign  of  optical 
rotation  of  the  predominant  enantiomer  formed  could  not  be  determined 
by  these  procedures.  However,  by  comparing  the  CD  data  obtained  in  this 
study  for  each  6-MBaP  diol  metabolite  with  data  recently  reported  in  two 
other  studies,  it  was  possible  to  definitively  establish  the  absolute 
configurations  of  the  predominant  enantiomers  of  the  metabolically 
formed  6-MBaP  4,5-,  7,8-,  and  9,10-diols  (see  "Discussion"  section). 

The  six-methyl  group  induces  conformational  changes  in  the  6-MBaP 
4,5-  and  7,8-diol  metabolites  which  are  formed  peri  to  it.  These  con¬ 
formational  effects  resulted  in  altered  CD  spectra  for  these  two  diols 
compared  to  the  spectra  recorded  for  the  corresponding  BaP  diols  (Figs. 
22  and  24).  The  major  Cotton  effect  for  the  6-MBaP  4,5-diol  (in  AA 
conformation)  formed  by  3-MC-microsomes  was  recorded  at  236  nm  while 
the  major  Cotton  effect  for  the  BaP  4,5-diol  (in  EE  conformation)  formed 


Fig,  22.  Circular  dichroism  spectra  of  the  6-MBaP  and  BaP  4,5- 
dihydrodiol  metabolites  formed  by  3-MC-microsomes .  Ellipticity, 
recorded  in  millidegrees  (m°)  on  the  Y-axis,  is  shown  in  two 
scales;  scale  A  for  the  6-MBaP  trans-4 , 5-dihydrodiol  (solid  line), 
and  scale  B  for  the  BaP  trans-4 , 5-dihydrodiol  (dashed  line).  The 
ellipticity  for  the  major  Cotton  effect  of  each  diol  at  the  indi¬ 
cated  wavelength  is  also  labelled.  The  [4R,5R]  absolute  stereo¬ 
chemistry  of  the  predominant  enantiomer  of  each  diol  metabolite 
is  indicated  by  the  structures  shown. 
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Fig.  23.  Circular  dichroism  spectra  of  the  6-MBaP  and  BaP  9,10- 
dihydrodiol  metabolites  formed  by  3  MC-microsomes .  Ellipticity, 
recorded  in  millidegrees  (m°)  on  the  Y-axis,  is  shown  in  two 
scales;  scale  A  for  the  6-MBaP  trans-9 , 10-dihydrodiol  (solid 
line),  and  scale  B  for  the  BaP  trans-9 , 10-dihydrodiol  (dashed 
line).  The  ellipticity  for  the  major  Cotton  effect  of  each  diol 
at  the  indicated  wavelength  is  also  labelled.  The  [9R,10R] 
absolute  stereochemistry  of  the  predominant  enantiomer  of  each 
diol  metabolite  is  indicated  by  the  structures  shown. 
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Fig.  24.  Circular  dichroism  spectra  of  the  6-MBaP  and  BaP  7,8- 
dihydrodiol  metabolites  formed  by  3-MC-micro somes .  Ellipticity, 
recorded  in  millidegrees  (m°)  on  the  Y-axis,  is  shown  in  two 
scales;  scale  A  for  the  6-MBaP  trans-7 ,8-dihydrodiol  (solid  line), 
and  scale  B  for  the  BaP  trans-7 ,8-dihydrodiol  (dashed  line).  The 
ellipticity  for  the  major  Cotton  effect  of  each  diol  at  the  indi¬ 
cated  wavelength  is  also  labelled.  The  [7R,8R]  absolute  stereo¬ 
chemistry  of  the  predominant  enantiomer  of  each  diol  metabolite 


is  indicated  by  the  structures  shown. 
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TABLE  6 

CD  spectral  properties  of  dihydrodiola  formed  from  the  metabolism  of  6-MBaP  and  BaP  by 
liver  mlcrosomes  3-MC-  and  PB-pretreated  rata  and  rata  which  received  no  pretreatment • i 


Metabolites 

Mlcrosomes 

♦  U)b 

[8]  x  10“4 

BaP-tran8-4 ,5-dihydrodiol 

3-MC 

-7.30  (270  nm) 

-6.52 

6-MBaP-tran8-4 ,5-dihydrodiol 

3-MC 

-10.70  (236  nm) 

-9.56 

6-MBaP-trans-4 , 5-dihydrodiol 

PB 

-12.70  (237  nm) 

-11.35 

6-MBaP-tran8-4 ,5-dihydrodiol 

Control 

-12.00  (237  nm) 

-10.70 

BaP-trans-7 , 8-dihydrodiol 

3-MC 

-11.40  (365  nm) 

-5.76 

6-MBaP-trans-7 , 8-dihydrodiol 

3-MC 

-35.80  (294  nm) 

-18.09 

BaP-trans-9 , 10-dihydrodiol 

3-MC 

-14.30  (298  nm) 

-9.99 

6-MBaP- trans-9 , 10-dihydrodiol 

3-MC 

-13.90  (301  nm) 

-9.72 

a  Spectra  were  recorded  for  samples  dissolved  in  methanol, 
b  Ellipticity  in  millidegreea  at  indicated  wavelengths. 

c  The  extinction  coefficients  (in  M“1  cm~l)  of  the  trans  dihydrodiols  of  BaP  (156) 
and  6-MBaP  at  absorption  maxima  used  for  calculating  [6)  are:  89  365  (272  nm 
for  BaP  4 ,5-dihydrodiol  and  275  nm  for  6-MBaP  4 ,5-dihydrodiol) ;  50  530  (366  nm  for 
BaP  7 , 8-dihydrodiol  and  369  nm  for  6-MBaP  7 , 8-dihydrodiol) ;  69  930  (278  nm  for  BaP 
9 , 10-dihydrodiol  and  283  nm  for  6-MBaP  9 , 10-dihydrodiol) . 


more  drastic  spectral 


by  3-MC-micro somes  was  recorded  at  269.5  nm.  Even 
alterations  were  noted  for  the  6-MBaP  7,8-diol  (in  AA  conformation) 
when  its  spectrum  was  compared  with  that  of  the  BaP  7,8-diol  (in  EE 
conformation).  These  effects  are  not  due  to  differences  in  the  absolute 
configurations  of  the  two  7,8-diol  metabolites  but  rather  to  a  change 
in  the  skew  sense  of  the  terminal  ring  double  bond  relative  to  the 
remainder  of  the  tt  aromatic  system  (158).  In  contrast,  the  Cotton 
effects  of  the  6— MBaP  and  BaP  9,10— diol  metabolites  (Fig.  23)  are  vir¬ 
tually  identical.  Both  of  these  metabolites  are  in  the  AA  conformation 
due  to  steric  hindrance  in  the  bay  region* 

Metabolism  of  6— OHMBaP  by  Rat  Liver  Microsomes 

6-MBaP  is  metabolized  to  6-0HMBaP  and  the  1-  and  3-phenols  of 
6-OHMBaP.  There  are  two  possible  ways  by  which  these  phenols  could  form 
metabolically :  1*  6-MBaP  could  first  be  metabolized  to  6-OHMBaP  which 

could  then  be  further  metabolized  to  form  the  1-  or  3-phenol  metabolite 
of  6-OHMBaP;  2.  6-MBaP  could  first  be  metabolized  to  1-  and  3-0H 
6-MBaP.  The  6-methyl  group  of  either  phenol  could  then  be  further 
metabolized  to  form  the  6-OHMBaP  derivative*  Since  radiolabelled 
6-OHMBaP  was  available,  the  first  possibility  was  explored.  There  were 
additional  reasons  for  examining  the  microsomal  metabolism  of  6-OHMBaP. 
6-OHMBaP  is  purported  to  be  involved  in  an  activation  pathway  of  6-MBaP 
via  sulfate  ester  formation  (52).  However,  although  the  carcinogenic 
and  mutagenic  activity  of  6-OHMBaP  have  been  determined  in  various  sys¬ 
tems  (52,96,116,128,141-143),  the  in  vitro  metabolism  of  this  compound 
by  rat  liver  microsomes  has  not  been  explored. 


Identification  of  6-OHHBaP  Metabolites 


Incubations  of  6-OHMBaP  with  rat  liver  micro somes  and  separation 
and  identification  of  6-OHMBaP  metabolites  were  carried  out  using  proce¬ 
dures  like  those  used  in  the  6— MBaP  metabolism  studies* 

The  reversed-phase  HPLC  chromatogram  of  6-OHMBaP  metabolites 
formed  by  3-MC-microsomes  appears  in  Fig*  25.  The  identities  of  the 
6-OHMBaP  metabolites  are  (in  order  of  increasing  retention  time  and 
decreasing  polarity):  6-OHMBaP  9 , 10-dihydrodiol  (6-OHMBaP  9,10-diol), 
6-OHMBaP  4,5-dihydrodiol  (6-OHMBaP  4,5-diol),  6-OHMBaP  7 ,8-dihydrodiol 
( 6-OHMBaP  7,8-diol),  l-hydroxy-6-0HMBaP  (1-OH  6-OHMBaP),  3-hydroxy- 
6-OHMBaP  (3-OH  6-OHMBaP),  followed  by  the  6-OHMBaP  substrate  peak.  An 
arrow  indicates  the  position  of  elution  of  a  BaP  6-aldehyde  standard. 
This  compound  was  not  found  to  be  a  metabolite  of  6-OHMBaP  with  3-MC, 
PB-,  or  control  microsomes.  Peak  A,  Peak  B,  and  Peak  C  are  discussed 
below. 

The  elution  order  of  the  6-OHMBaP  4,5-  and  9,10-diols  is  like 
that  of  the  corresponding  BaP  diols  rather  than  that  of  the  analogous 
6-MBaP  diols.  Hydrogen  bonding  between  the  6-hydroxymethyl  group  of 
6-OHMBaP  and  the  hydroxyl  group  located  at  position  5  of  the  6-OHMBaP 
4,5-diol  may  occur  and  alter  the  polarity  of  this  diol  with  respect  to 
the  6-OHMBaP  9,10-diol. 

The  radiogram  shown  in  Fig.  26  was  obtained  after  HPLC  separation 
and  quantitative  analysis  of  the  metabolites  of  [ ^H] 6-OHMBaP  formed  by 
3— MC— microsomes  using  procedures  described  in  Materials  and  Methods. 
Chromatographic  conditions  were  identical  to  those  used  to  separate  the 
metabolites  formed  from  unlabelled  substrate  (Fig.  25).  Radiograms 
obtained  upon  analyses  of  [^H] 6-OHMBaP  metabolism  by  PB-  or  control 
microsomes  were  similar  to  that  shown  for  3-MC-microsomes  and  so  are  not 
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Fig.  25.  Reversed-phase  HPLC  profile  of  6-OHMBaP  metabolites 
formed  by  3-MC-microsomes .  The  arrow  indicates  the  elution 
position  of  a  BaP  6-aldehyde  standard  which  was  added  to  the 
metabolite  mixture  prior  to  chromatography.  See  text  for  dis¬ 
cussion.  Metabolites  were  eluted  from  a  Vydec  C^g  HPLC  col¬ 
umn  with  a  35-minute  linear  gradient  of  50  to  90%  methanol  in 
water  at  a  flow  rate  of  1  ml/minute. 


ABSORBANCE,  254  nm 


BaP  6-aldehyde  standard 


Fig,  26.  Axis  A.  The  profile  of  metabolites  formed  from  the 
metabolism  of  [^H]6-0HMBaP  by  3-MC-microsomes  after  correction 
for  background  radioactivity.  Axis  B.  Corresponding  zero-time 
incubation  blank  after  correction  for  background  radioactivity. 
Similar  results  were  obtained  upon  analysis  of  the  5-minute 
incubation  blank.  Relevant  procedures  were  described  in  "Mater¬ 
ials  and  Methods."  Reversed-phase  chromatographic  conditions 
were  identical  to  those  described  in  Fig.  25. 
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presented. 

Metabolite  peaks  indicated  in  the  radiogram  (Fig,  26)  as  the 
6-OHMBaP  9,10— diol  and  the  6— OHMBaP  1-  and  3— phenols  clearly  correspond 
to  particular  peaks  in  the  chromatogram  shown  in  Fig.  25,  as  do  the 
peaks  labelled  Peak  A,  Peak  B,  and  Peak  C.  However,  HPLC  and  quanti¬ 
tative  analyses  of  the  [3H] 6-OHMBaP  zero-time  and  5-  and  10-minute 
incubation  blanks  prepared  with  heat  killed  3-MC-,  PB-,  and  control 
microsomes  revealed  a  broad  peak  of  radioactivity  which  eluted  in  the 
same  region  as  the  6-OHMBaP  4,5-  and  7,8-diol  UV  marker  metabolites. 
Similar  amounts  of  this  radioactive  impurity  were  found  upon  analysis 
of  incubation  mixtures  containing  active  3-MC,  PB-,  and  control  micro¬ 
somes.  Therefore,  it  is  doubtful  that  large  rates  of  formation  of  the 
6-OHMBaP  4,5-  and  7,8-diols  occurred;  however,  small  rates  of  formation 
of  these  two  diol  metabolites  could  have  been  obscured  by  the  impurity 
and  hence,  could  not  be  quantified.  The  impurity  was  present  only  in 
the  radiolabelled  6— OHMBaP  and  not  in  the  unlabelled  6— OHMBaP  used  to 
perform  the  qualitative  metabolism  studies.  Thus,  the  4,5-  and  7,8-diol 
region  is  not  obscured  in  the  chromatogram  shown  in  Fig.  25. 

UV  absorption  spectral  analysis.  Tentative  identification  of  the 
6-OHMBaP  metabolites  was  provided  by  UV  absorption  spectral  analysis. 
Absorption  spectra  of  the  6-OHMBaP  diols  and  those  of  the  corresponding 
BaP  and  6-MBaP  diols  were  virtually  identical  and  so  are  not  shown. 

Like  the  6-MBaP  diols,  the  spectra  of  the  6-OHMBaP  diols  showed  slight 
bathochromic  shifts.  The  UV  absorption  spectra  of  the  6-OHMBaP  1— 
and  3-phenols  were  the  same  as  those  presented  for  these  compounds  as 
metabolites  of  6-MBaP  (Figs.  6  and  10).  Spectra  obtained  for  the  three 
metabolites  of  6-OHMBaP  labelled  Peak  A,  B,  or  C  in  the  chromatogram 


in  Fig.  25  were  not  similar  to  any  of  the  spectra  available  for  BaP 
metabolites  or  standards.  Peaks  A,  B,  and  C  were  found  to  be  very 
minor  metabolites  of  6-OHMBaP  when  quantitative  studies  were  performed 
(to  be  described  later).  The  UV  absorption  spectra  for  Peak  A  obtained 
in  methanol  and  in  the  presence  of  alkali  are  shown  in  Fig.  27.  Upon 
the  addition  of  NaOH,  the  bathochromic  shift  characteristic  of  phenolic 
aromatic  compounds  was  evident,  but  nothing  more  specific  than  this  can 
be  said  about  the  nature  of  Peak  A  based  on  the  available  information. 

Mass  spectral  analysis.  Mass  spectral  analysis  of  the  metab¬ 
olites  of  6-OHMBaP  tentatively  identified  as  the  6-OHMBaP  4,5-,  7,8-, 
and  9,10— diols  and  the  6— OHMBaP  1—  and  3— phenols  confirmed  these 
designations.  Mass  spectral  data  for  the  6-OHMBaP  1-  and  3-phenols 
were  identical  to  that  presented  for  these  compounds  as  metabolites  of 
6-MBaP  (Figs.  17  and  18).  The  mass  spectra  for  the  three  6-OHMBaP  diols 
appears  in  Figs.  28-30.  Their  molecular  weights  were  confirmed  by  the 
presence  of  mass  ions  at  m/z  316.  Characteristic  ion  fragments  were 
also  noted  at  m/z  298  (loss  of  water),  281  (loss  of  water  and  OH),  280 
(loss  of  2H2O)  ,  269  (loss  of  OH  and  CH2O)  ,  252  (loss  of  two  OH  groups 
and  CH2O)  and  239  (breakup  of  ring  structure). 

Attempts  to  characterize  Peaks  A,  B,  and  C  by  mass  spectral 
analysis  were  hampered  by  the  lability  of  these  compounds  even  in  the 
presence  of  ascorbic  acid.  Attempts  to  make  acetate  derivatives  of  the 
three  metabolites  were  also  unsuccessful. 

Quantification  of  6-OHMBaP  Metabolism  by  Rat  Liver  Microsomes 

The  metabolites  of  [ ^H] 6-OHMBaP  formed  by  3-MC-,  PB-,  and  control 
rat  liver  microsomes  were  quantified  using  procedures  already  described. 
For  the  microsomal  protein  concentrations  used,  metabolite  formation 


Fig,  27.  Ultraviolet-visible  absorption  spectra  of 
metabolite  labelled  Peak  A  in  Figs.  25  and  26  (in 
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Fig.  28. 
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Fig.  29.  Mass  spectrum  of  the  7 ,8-dihydrodiol  metabolite  of 
6-OHMBaP.  The  mass  ion  is  indicated  as  (M+)  and  character¬ 


istic  ion  fragments  are  labelled 
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Fig.  30.  Mass  spectrum  of  the  9 , 10-dihydrodiol  metabolite  of 
6-OHMBaP.  The  mass  ion  is  indicated  as  (M+)  and  character¬ 
istic  ion  fragments  are  labelled. 
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was  found  to  be  linear  for  incubation  time  periods  of  5  minutes  for 
3 -MC-mi cr o s ome s  and  10  minutes  for  PB—  and  control  microsomes .  The 
microsomal  enzyme  preparations  used  to  quantify  6-OHMBaP  metabolism  were 
prepared  at  different  times  than  those  used  to  quantify  6-MBaP  and  BaP 
metabolism  (see  "Materials  and  Methods"  for  characterization)  and  had 
been  stored  frozen  at  -81°F  for  a  number  of  months  before  use.  There¬ 
fore,  compared  to  fresh  microsomal  preparations,  their  metabolic 
activity  was  somewhat  lower  although  the  exact  reduction  in  activity  is 
not  known.  PB-  and  control  microsomal  suspensions  may  be  somewhat  more 
labile  than  3-MC -microsomes  upon  storage  in  the  frozen  condition  (155). 
In  addition,  since  the  mechanism  of  formation  of  various  types  of  metab¬ 
olites  (diols,  phenols,  etc.)  is  known  to  differ  and  more  than  one 
enzyme  or  one  metabolic  step  may  be  involved,  decreases  in  their  for¬ 
mation  due  to  enzyme  activity  loss  may  not  be  uniform.  The  data  which 
follows  are  presented  with  these  reservations  in  mind. 

The  rate  of  formation  (expressed  in  picomoles  of  product  per  nmol 
cytochrome  P-450  per  minute)  of  the  metabolites  of  6-OHMBaP  by  3-MC-, 

PB- ,  and  control  microsomes  are  given  in  Table  7.  Conversion  of  sub¬ 
strate  to  the  6-OHMBaP  1-  and  3-phenols  accounted  for  the  largest  per¬ 
centages  of  metabolites  formed  by  all  of  the  three  microsome  prepar¬ 
ations.  More  selectivity  was  shown  by  PB-  and  control  microsomes 
towards  the  formation  of  3-OH  6-OHMBaP  than  by  3-MC-microsomes.  Con¬ 
versely,  3-MC-microsomes  preferentially  metabolized  6-OHMBaP  at  the  1- 
position  to  form  1-OH  6-OHMBaP.  6-OHMBaP  diol  formation  by  any  micro- 
some  preparation  was  very  low  or  absent  except  for  the  formation  of  the 
6-OHMBaP  9,10-diol  by  3-MC-microsomes.  Metabolites  labelled  as  Peaks 
A,  B,  and  C  accounted  for  10%  or  less  of  the  metabolites  formed  by 
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TABLE  7 


Metabolism  of  [3h] 6-OHMBaP  by  rat  liver  microsomes 

Eighty  nmol  of  [3h] 6-OHMBaP  (specific  activity,  141  mCi/mmol)  were  incubated 
with  microsomes  obtained  from  untreated  rats  and  rats  pretreated  with  PB 
or  3-MC,  as  described  in  "Materials  and  Methods’*.  After  incubation,  6-OHMBaP 
and  its  metabolites  were  prepared  and  analyzed  by  HPLC. 


Specific  Activity  (pmol  of  product /nmol  cytochrome  P-450/min) 


Metabolite 

Microsomes 

3-MCa 

PBb 

Control^ 

9 ,10-diol 

204 

1 

4 

U4]c 

[1] 

[11 

4 ,5-diol 

NQ4 

NQ 

NQ 

7 ,8-diol 

NQ 

NQ 

NQ 

Peak  A 

51 

NDe 

ND 

[3] 

Peak  B 

32 

ND 

ND 

[2] 

Peak  C 

24 

8 

38 

[2] 

[8] 

[10] 

1-OH 

1086 

27 

161 

6-OHMBaP 

[72] 

[28] 

[41] 

3-OH 

112 

62 

188 

6-OHMBaP 

[7] 

[63] 

[48] 

Total 

1509 

98 

391 

Z  substrate 

n  7 

metabolite 

6.2 

2.5 

Z.  / 

Each  value  represents  the  mean  of  two  separate  Incubations  and  is  based  on  the 
total  radioactivity  in  identified  metabolite  fractions. 

Value  Indicates  total  radioactivity  in  identified  metabolite  fractions  based 
on  one  sample  determination. 

Numbers  in  brackets  indicate  percentage  of  all  metabolites. 

NQ,  not  quantified.  Could  not  be  quantified  due  to  presence  of  impurities. 

ND,  not  detected. 


3-MC-,  PB-,  or  control  microsomes 


DISCUSSION 


Metabolic  pathways  involved  in  the  in  vitro  microsomal  metabolism 
of  6-MBaP  to  a  number  of  primary  and  secondary  metabolites  have  been 
established.  These  pathways  are  illustrated  in  Fig.  31.  Steps  thought 
to  involve  the  mixed  function  oxidases  or  epoxide  hydrolase  are  indi¬ 
cated. 

In  terms  of  general  types  of  metabolites  produced,  the  BaP  and 
6-MBaP  metabolite  profiles  are  similar  in  that  these  substrates  are  con¬ 
verted  to  diols  and  phenols.  However,  the  six-methyl  group  blocks 
quinone  formation  and  is  itself  metabolized  to  yield  6-OHMBaP  and  two 
6-OHMBaP  phenol  metabolites  not  found  as  metabolites  of  BaP.  The  methyl 
group  does  not  seem  to  shift  metabolism  to  any  particular  part  of  the 
6-MBaP  molecule  since  the  percentages  of  total  metabolism  at  various 
regions  of  the  6-MBaP  and  BaP  molecules  are  very  similar  when  a  partic¬ 
ular  type  of  microsomes  is  used  as  the  source  of  metabolic  enzymes. 

Both  BaP  and  6-MBaP  were  metabolized  to  diol  metabolites  of  the 
trans  geometric  configuration.  Although  metabolism  of  BaP  and  6-MBaP 
by  3-MC-,  PB-,  or  control  microsomes  favored  the  formation  of  certain 
diol  metabolites,  the  rates  of  formation  of  all  of  the  6-MBaP  diols  com¬ 
pared  to  those  of  BaP  were  reduced  by  72  to  96%  depending  on  the  diol 
metabolite  compared  and  the  microsomal  preparation  used.  The  reduction 
in  6-MBaP  diol  formation  at  positions  4,5  and  7,8  which  are  peri  to 
the  six-methyl  substituent  suggests  that  these  sites  may  not  be  readily 
accessible  to  metabolic  attack  due  to  the  bulky  methyl  substituent. 

In  vitro  microsomal  conversion  of  BaP  to  its  ultimate  carcinogen, 
the  7,8-diol  9,10-epoxide,  proceeds  via  a  trans  7,8-diol  intermediate. 

If  6-MBaP  is  activated  to  tumorigenic  species  via  a  pathway  that 
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Fig.  31.  In  vitro  metabolism  of  6-MBaP  by  rat  liver  microsomes  as  elucidated  in  the 
present  study.  Metabolites  appearing  in  brackets  are  presumed  intermediates  which 
were  not  isolated  under  the  experimental  conditions  used.  Metabolites  appearing  in 
parentheses  are  putative.  Broken  arrows  represent  possible  pathways  of 
metabolite  formation.  Mixed  function  oxidases  are  abbreviated  by  MFO,  epoxide 
hydrolase  is  abbreviated  by  EH,  and  nonenzymatic  rearrangement  is  abbreviated  by  NE. 


involves  a  trans-7 , 8-diol  metabolite  intermediate,  the  lower  amount  of 
this  diol  formed  relative  to  that  formed  of  the  BaP  trans-7 , 8-diol  might 
account,  at  least  in  part,  for  the  lower  tumorigenicity  of  6-MBaP  rela¬ 
tive  to  that  of  BaP  since  comparatively  less  6-MBaP  7, 8-diol  would  be 
available  for  further  metabolism  to  diol  epoxides.  The  relatively  low 
carcinogenicity  of  benz [a] anthracene  is  thought  to  stem,  at  least  in 
part,  from  low  levels  of  formation  of  the  diol  precursor  of  the  bay 
region  vicinal  diol  epoxide  (77).  Studies  with  benzo[e] pyrene  (BeP), 
which  like  6— MBaP  but  unlike  BaP  has  its  terminal  benzo  ring  located 
in  two  bay  regions,  have  suggested  that  the  weak  carcinogenicity  of 
this  compound  coincides  with  low  levels  of  metabolism  of  BeP  to  the 
BeP  trans— 9 , 10— diol  which  is  the  diol  metabolite  precursor  of  the  bay 
region  vicinal  diol  epoxide  (159,160).  The  fluoro  substituent  of 
1 2-f luoro-5-methylchrysene  (12-F-5-MeC)  is  located  peri  to  a  terminal 
benzo  ring.  This  substituent  inhibited  metabolism  at  the  terminal 
ring,  and  the  tumorigenicity  of  12-F-5-MeC  was  weaker  than  its  non- 
fluorinated  counterpart  (132,139).  A  known  exception  to  the  cases 
just  cited  involved  a  study  in  which  the  conversion  of  6-f luorobenzo- 
[ajpyrene  (6-FBaP)  and  BaP  to  7, 8-diol  metabolites  was  compared.  The 
six-fluoro  substituent  of  6-FBaP  is  peri  to  the  terminal  benzo  ring  of 
the  molecule.  Although  amounts  of  6-FBaP  7, 8-diol  higher  than  that 
of  BaP  7, 8-diol  were  formed,  the  6-FBaP  diol  was  found  to  possess 
lower  biological  activity  than  the  BaP  diol  (158). 

In  the  last  two  examples,  the  presence  of  a  peri  fluoro  substi¬ 
tuent  resulted  in  the  decreased  biological  activity  of  6-FBaP  and  12-F- 
5-MeC  relative  to  their  respective  non-f luorinated  counterparts.  How¬ 
ever,  in  the  case  of  6-FBaP,  there  was  no  concommitant  decrease  in 


ormation  of  the  diol  precursor  of  the  bay  region  vicinal  diol  epoxide 
there  was  with  12— F-5— MeC.  Hence,  the  peri  effect  does  not  seem  to 
be  universally  explicable  on  the  basis  of  decreased  formation  of 
-ritical  diol  metabolites  alone.  There  is  another  important  aspect 
that  must  be  considered  in  trying  to  understand  the  molecular  basis (es) 
for  the  peri  effect  in  general  and  in  trying  specifically  to  explain 
the  differences  in  tumorigenicity  observed  for  BaP  and  6-MBaP.  This 
aspect  deals  with  the  conformation  of  dihydrodiol  metabolites  which 
may  be  intermediates  in  the  activation  pathway  of  alkyl-  or  halogen- 
substituted  PAH.  The  conformation  preferentially  adopted  by  the  BaP 
trans-7 ,8-diol  is  quasi-diequatorial,  while  the  conformational  prefer¬ 
ence  of  the  6— MBaP  trans— 7 ,8— diol,  which  forms  in  relatively  smaller 
amounts,  is  quasi-diaxial  due  to  steric  hindrance  by  the  six-methyl 
group.  Other  trans  diols  of  PAH  with  alkyl-  or  halogen-substituents 
located  peri  to  the  trans  diol  hydroxyl  groups  have  also  been  found  to 
preferentially  adopt  the  AA  conformation  (for  examples  see  133,135,158, 
161,  162).  Although  further  metabolism  of  the  6-MBaP  trans-7 ,8-diol 
to  diol  epoxides  was  not  examined  in  this  study,  quasi-diaxial  trans 
diols  with  adjacent  double  bonds  in  the  bay  region  have  been  found  to 
be  poorly  converted  to  bay  region  vicinal  diol  epoxides  compared  to 
their  quasi-diequatorial  counterparts  (for  examples  see  114,135)*.  Even 
if  formed,  diol  epoxides  with  the  diols  in  the  AA  conformation  have  been 
found  to  be  weak  mutagens  and  tumorigens  (79,134,159,163-166). 

BaP  is  stereospecif ically  metabolized  by  microsomal  enzymes  to 
(-)-trans-4,5-,  7,8-,  and  9,10-diol  metabolites.  6-MBaP  was  also 


*The  trans-9 , 10-diol  of  BeP  is  also  an  example  of  a  quasi-diaxial  trans 
diol  with  an  adjacent  double  bond  in  a  bay  region  (135,159). 


found  to  be  stereoselectively  metabolized  by  3-MC-,  PB-,  and  control 
microsomes  to  optically  active  trans  diol  metabolites*  The  absolute 
configurations  of  the  major  enantiomers  of  the  three  trans  BaP  diols 
have  all  been  determined  to  be  [R,R]  (167-169).  Direct  comparison  of 
the  CD  spectra  of  the  BaP  trans-9 » 10-diol  and  the  6-MBaP  trans-9 , 10-diol 
formed  from  3-MC-microsomes  revealed  that  both  CD  spectra  are  identical 
in  shape  and  sign  (except  for  a  slight  red  shift  of  4  nm  shown  by  the 
6-MBaP  diol).  Thus,  it  can  be  concluded  that  the  predominant  enantiomer 
of  the  enzymatically  formed  6-MBaP  trans-9 , 10-diol  has  the  [9R,10R] 
absolute  configuration.  The  hydroxyls  of  both  diols  lie  in  the  bay 
region  of  their  respective  parent  hydrocarbons,  and  due  to  steric 
crowding  of  the  hydroxyls  in  the  bay  region,  both  diols  have  the  AA 
conformation.  Since  the  six-methyl  group  lies  some  distance  away  from 
the  asymetric  centers  of  the  molecule,  it  apparently  has  no  significant 
influence  on  the  optical  properties  of  the  6-MBaP  trans-9 , 10-diol . 

Because  of  substituent-induced  conformational  changes  in  the 
6-MBaP  trans-4,5-  and  7,8-diols  relative  to  the  BaP  trans-4 ,5-  and  7,8- 
diols ,  direct  comparison  of  6-MBaP  diol  and  BaP  diol  CD  spectra  to 
assign  absolute  configuration  is  not  possible.  However,  when  the  CD 
data  obtained  in  this  study  were  compared  with  evidence  presented  in  two 
recent  published  reports,  it  was  possible  to  establish  the  absolute 
configurations  of  the  predominant  enantiomers  of  the  6-MBaP  trans-7 ,8- 
and  4,5-diol  metabolites. 

In  a  study  by  Buhler  et  al .  (158),  the  absolute  configuration  of 
the  predominant  enantiomer  of  the  6-FBaP  trans-7 ,8-diol  formed  stereo¬ 
selectively  from  6-FBaP  by  liver  microsomes  prepared  from  rats  pre¬ 
treated  with  3-MC,  was  deduced  by  the  exciton  chirality  method  to  be 


[7R,8R].  The  hydroxyl  groups  of  the  6-FBaP  trans-7 ,8-diol  are  located 
— er^-  t0  6-fluoro  substituent  (analogous  to  the  6-methyl  group  of 

6  MBaP)  and  like  the  hydroxyl  groups  of  the  6-MBaP  trans-7 ,8-diol, 
preferentially  adopt  the  AA  conformation.  A  comparison  of  the  CD 
spectrum  recorded  for  the  6-FBaP  trans-7 ,8-diol  (presented  in  reference 
158)  with  the  CD  spectrum  of  the  6-MBaP  trans-7 ,8-diol  metabolite 
(Fig.  24)  showed  the  two  spectra  to  be  identical  in  shape  and  sign 
except  for  a  slight  bathochromic  shift  of  2  nm  in  the  6-MBaP  diol 
spectrum.  It  can,  therefore,  be  deduced  that  the  absolute  configur¬ 
ation  of  the  predominant  enantiomer  of  the  6-MBaP  trans-7 ,8-diol  is 
also  [7R,8R]. 

It  was  possible  to  make  the  same  deduction  based  on  the  results 
obtained  by  a  study  conducted  by  Yang  £l .  (162)  which  was  carried 
out  in  order  to  determine  the  absolute  configuration  of  the  predominant 
enantiomer  of  the  6-bromobenzo[ a] pyrene  trans-7 ,8-diol  formed  stereo- 
selectively  from  6-bromobenzo [a] pyrene  (6-BrBaP)  by  liver  microsomes 
prepared  from  rats  pretreated  with  3-MC.  Due  to  steric  hindrance  and 
electronic  repulsion  between  the  bromine  substituent  and  the  peri 
hydroxyl  oxygen,  the  hydroxyl  groups  of  this  diol  are  forced  to  prefer¬ 
entially  adopt  the  AA  conformation.  The  CD  spectrum  of  the  6-BrBaP 
trans-7 ,8-diol  (illustrated  in  reference  162)  is  identical  in  shape  and 
sign  to  that  of  the  6-MBaP  trans-7 ,8-diol  metabolite  (with  AA  conforma¬ 
tion)  (Fig.  24)  except  for  the  slight  red  shift  of  3.5  nm  shown  in  the 
6-BrBaP  diol  spectrum.  When  enzymatically  formed  6-BrBaP  trans-7 ,8-diol 
was  converted  by  catalytic  hydrogenolysis  to  the  BaP  7 ,8 ,9 , 10-tetra- 
hydro-trans-7 ,8-diol  (with  EE  conformation),  the  Cotton  effects 
appearing  in  the  CD  spectrum  of  this  diol  and  the  retention  time  of 


the  diol  on  a  chiral  HPLC  column  were  identical  to  those  of  authentic 
BaP  (+)-7,8,9,10-tetrahydro-trans-[7R,8R]-diol.  Therefore,  it  was 
possible  for  the  investigators  to  conclude  that  the  absolute  configur¬ 
ation  of  the  major  enantiomer  of  the  6-BrBaP  transj-7  ,8-diol  was  [7R,8R]. 
Furthermore,  it  can  be  deduced  that  the  absolute  configuration  of  the 
major  enantiomer  of  the  6-MBaP  trans-7 ,8-diol  is  also  [7R,8R]. 

In  the  same  study  ( 162) ,  the  absolute  configuration  of  the  pre¬ 
dominant  enantiomer  of  the  6— BrBaP  trans- 4 , 5— diol  formed  stereoselec— 
tively  by  3— MC— microsomes  was  also  determined.  The  CD  spectrum  of  the 
6— BrBaP  trans— 4 , 5— diol  (shown  in  reference  162)  is  identical  in  shape 
and  sign  to  that  of  the  6-MBaP  trans-4 , 5-diol  (Fig.  22)  except  for  the 
bathochromic  shift  of  1  nm  shown  in  the  6-BrBaP  diol  spectrum.  Both 
diols  have  hydroxyl  groups  which  preferentially  adopt  the  AA  contor¬ 
tion.  Catalytic  debromination  of  the  enzymatically  formed  6-BrBaP 
trans-4 , 5-diol  resulted  in  the  formation  of  BaP  trans-4 , 5-diol  (with 
EE  conformation)  which  had  a  CD  spectrum  virtually  identical  to  that 
of  BaP  (-)-trans-[4R,5R]-diol.  Therefore,  it  was  possible  for  the  in¬ 
vestigators  to  conclude  that  the  absolute  configuration  of  the  major 
enantiomer  of  the  6-BrBaP  trans-4 , 5-diol  was  [4R,5R].  Furthermore,  it 
can  be  deduced  that  the  absolute  configuration  of  the  major  enantiomer 
of  the  6-MBaP  trans-4 , 5-diol  is  also  [4R,5R]. 

Thus,  6-MBaP,  like  BaP  is  stereoselectively  metabolized  by  rat 
liver  microsomes  to  trans  diol  metabolites  whose  predominant  enantiomers 
all  have  [R,R]  absolute  stereochemistry.  Since  the  CD  spectrum  for  a 
particular  6-MBaP  trans  diol  metabolite  formed  by  PB-  or  control 
microsomes  had  Cotton  effects  virtually  identical  in  shape  and  sign  to 
those  found  in  the  CD  spectrum  of  the  analogous  6-MBaP  diol  metabolite 


ormed  by  3  MC  microsomes  (as  reported  in  "Results’*),  stereoselective 
ormation  of  the  [R,R]  enantiomer  occurred  regardless  of  the  type  of 
microsomal  preparation  used  in  the  present  study*  Similarly,  other 
investigators  have  shown  that  the  major  enantiomers  of  the  trans  diol 
metabolites  formed  from  the  metabolism  of  BaP  by  3-MC-,  PB-,  or 
control  rat  liver  microsomes  all  have  [R,R]  absolute  stereochemistry 
although  the  optical  purity  of  the  diol  formed  depends  on  the  microsomal 
preparation  used. 

With  respect  to  the  metabolism  of  BaP ,  the  presence  of  the  peri 
six-methyl  group  does  not  alter  the  stereoselective  properties  of 
induced  or  non-induced  rat  liver  MFO  and  EH  towards  the  formation  of 
trans  diol  metabolites,  at  least  in  terms  of  the  absolute  stereo¬ 
chemistry  of  the  predominant  enantiomers  formed.  However,  the  effect 
of  the  methyl  group,  if  any,  on  the  optical  purities  of  the  6-MBaP  trans 
diol  metabolites  formed  by  the  various  microsomal  preparations  could 
not  be  definitively  determined  by  the  results  of  this  study. 

Pathways  of  activation  other  than  via  7,8-diol  and  vicinal  diol 
epoxide  intermediates  have  been  proposed  for  6-MBaP.  One  of  these  in¬ 
volves  the  metabolism  of  6-MBaP  to  6-OHMBaP  which,  in  turn,  is  thought 
to  be  converted  to  an  active  sulfate  ester  (52).  Although  the  validity 
of  this  hypothesis  was  not  tested  in  the  present  study,  6-OHMBaP  was 
found  to  be  a  metabolite  of  6-MBaP  when  3-MC-,  PB-,  or  control  micro¬ 
somes  were  used  as  the  source  of  metabolic  enzymes.  Other  investigators 
have  reported  that  6-MBaP  is  metabolized  to  6-OHMBaP  by  mouse  liver 
microsomes  and  by  mouse  skin  or  rat  liver  homogenates  (128,141),  but 
these  studies  were  not  quantitative  in  nature.  In  the  present  study, 
6-OHMBaP  was  not  detected  as  a  major  metabolite  of  6-MBaP  with  3-MC- 


microsomes  presumably  because  it  is  further  metabolized  to  1-  and  3-OH 
6-OHMBaP.  However,  6-OHMBaP  is  the  major  metabolite  formed  with  PB- 
and  control  microsomes.  Further  metabolism  of  this  metabolite  to 
6-OHMBaP  phenols  is  minimal  or  does  not  occur  when  these  microsomal 
preparations  are  used.  Formation  of  the  sulfate  ester  of  6-OHMBaP 
requires  the  presence  of  the  liver  cytosolic  fraction  and  a  sulfotrans- 
ferase-PAPS  generating  system  (52).  Therefore,  the  relevance  of  the 
findings  in  the  present  study  to  this  alternate  proposed  mechanism  of 
6-MBaP  activation  is  unknown. 

The  possible  role  of  the  metabolites  of  6-MBaP  in  the  metabolic 
activation  of  this  compound  remains  speculative  since  the  biological 
activities  of  the  metabolites  were  not  tested  in  the  present  study. 
However,  comparison  of  the  total  rates  of  6-MBaP  and  BaP  metabolite  for¬ 
mation  by  3-MO,  PB-,  and  control  microsomes  showed  that  rates  of 
6-MBaP  metabolite  formation  are  decreased  by  66,  81,  and  91%  respec¬ 
tively  below  those  of  BaP  metabolites.  Although  6-MBaP  is  a  weaker  car¬ 
cinogen  than  BaP,  it  has  been  found  to  be  relatively  stronger  as  a  muta¬ 
gen.  BaP  4,5-oxide,  precursor  of  the  BaP  4,5-diol,  is  a  very  mutagenic 
compound.  If  the  6-MBaP  4,5-oxide  is  responsible  for  the  high  mutagenic 
activity  of  6-MBaP,  it  would  have  to  be  extremely  potent  since  its  rate 
of  formation  in  this  study  (as  determined  by  6-MBaP  4,5-diol  formation) 
is  far  less  than  that  of  the  BaP  4,5-diol.  A  possible  explanation  for 
the  lower  rates  of  6-MBaP  metabolite  formation  relative  to  those  of 
BaP  might  be  that,  due  to  the  presence  of  the  six-methyl  group,  the 
orientation  of  the  6-MBaP  substrate  molecule  in  the  active  site  of  the 
mixed  function  oxidases  (regardless  of  the  form  of  cytochrome  P-450  con¬ 
tained  therein)  is  less  favorable  than  the  orientation  achieved  by  the 


BaP  molecule  (assuming  both  substrates  remained  dissolved  in  equal  pro¬ 
portions  under  identical  conditions  of  incubation). 

Based  on  the  results  obtained  in  this  study,  portions  of  the 
pathways  of  6-OHMBaP  metabolism  are  illustrated  in  Fig.  32.  Steps 
thought  to  involve  the  mixed  function  oxidases  or  epoxide  hydrolase  are 
indicated. 

The  original  purpose  for  studying  the  microsomal  metabolism  of 
6-OHMBaP  was  to  determine  if  the  6-OHMBaP  1-  and  3-phenols  formed  as 
metabolites  of  6-MBaP  were  formed  by  the  further  metabolism  of  6-OHMBaP. 
Indeed,  the  finding  that  1-  and  3-OH  6-OHMBaP  were  products  of  the 
microsomal  metabolism  of  [3H] 6-OHMBaP  indicated  that  6-MBaP  is  first 
converted  to  6-OHMBaP  which  is  in  turn  metabolized  to  the  1-  and  3- 
phenols  of  6-OHMBaP,  particularly  when  3-MC-microsomes  were  used  as 
the  source  of  metabolic  enzymes.  Little  or  no  6-OHMBaP  phenol  formation 
was  observed  when  6-MBaP  was  metabolized  by  PB-  or  control  microsomes. 
There  was  some  conversion  of  [3H]  6-OHMBaP  to  6-OHMBaP  phenols  by  PB- 
and  control  microsomes.  However,  this  was  not  surprising  since  the 
ratio  of  substrate  to  enzyme  present  in  the  incubation  mixture  was 
very  high. 

It  cannot  be  concluded  from  the  results  of  this  study  that  the 
6-OHMBaP  1-  and  3-phenols  as  metabolites  of  6-MBaP  are  formed  solely  as 
the  result  of  the  initial  metabolism  of  6-MBaP  to  6-OHMBaP  and  the 
subsequent  metabolism  of  6-OHMBaP  to  1-OH  and  3-OH  6-OHMBaP.  An 
alternate  pathway  must  also  be  considered  in  which  the  1-  and  3-phenols 
of  6-MBaP  are  formed  prior  to  hydroxylation  of  the  six-methyl  group 
of  6-MBaP.  Although  the  possible  contribution  of  this  alternate  path¬ 
way  to  6-OHMBaP  phenol  formation  cannot  be  determined  from  the  results 
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Fig.  32.  In  vitro  metabolism  of  6-OHMBaP  by  rat  liver  microsoraes  as 
elucidated  in  the  present  study.  Metabolites  appearing  in  brackets  are 
presumed  intermediates.  Metabolic  steps  involved  in  the  formation  of 
Peaks  A, B,  and  C  are  of  course  uncertain.  Mixed  function  oxidases  are 
abbreviated  by  MFO,  epoxide  hydrolase  is  abbreviated  by  EH,  and  non- 
enzymatic  rearrangement  is  abbreviated  by  NE. 


of  this  study,  it  is  conceivable  that  once  formed,  both  6-OHMBaP 
molecules  and  6-MBaP  phenol  molecules  would  have  to  compete  with  much 
greater  numbers  of  6— MBaP  substrate  molecules  for  microsomal  enzymes 
in  the  incubation  mixture.  In  experiments  quantifying  6-MBaP  metabolism 
by  3-MC-microsomes ,  the  rate  of  formation  of  6-MBaP  phenols  was  found 
to  be  higher  than  those  of  the  other  6-MBaP  metabolites.  Since  they 
form  faster,  6— MBaP  phenol  molecules  may  be  relatively  better  compet¬ 
itors  for  further  metabolism  by  the  metabolic  enzymes  than  are  6-OHMBaP 
molecules.  Therefore,  a  pathway  in  which  6-MBaP  is  first  metabolized 
to  1-  and  3-OH  6-MBaP  followed  by  the  metabolism  of  either  phenol  to  a 
6-OHMBaP  derivative  could  play  a  larger  role  in  6-OHMBaP  phenol  for¬ 
mation  than  the  pathway  (now  known  to  be  operative  in  vitro)  in  which 
6-MBaP  is  first  metabolized  to  6-OHMBaP  followed  by  the  metabolism  of 
6-OHMBaP  to  the  6-OHMBaP  1-  and  3-phenols. 

Conversion  of  6-OHMBaP  to  diol  metabolites  is  a  minor  pathway 
in  the  in  vitro  metabolism  of  this  compound  by  rat  liver  microsomes. 
When  quantitative  studies  were  performed,  the  9,10-diol  was  the  only 
diol  metabolite  of  6-OHMBaP  to  be  detected.  However,  low  rates  of  for¬ 
mation  of  the  6-OHMBaP  4,5-  and  7,8-diols  could  have  been  obscured  by 
a  radioactive  impurity  (described  in  more  detail  in  "Results”  section). 
When  unlabelled  6-OHMBaP,  which  did  not  contain  the  impurity  described 
above,  was  incubated  with  3-MC-micro somes  for  one  hour,  detectable 
amounts  of  6-OHMBaP  4,5-  and  7,8-diols  as  well  as  the  9,10-diol  were 


found 
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